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Preface

The present booklet describes fourteen elementary experiments in Mechanical Engineering, of which

more thanEhalf can be readily incorporated into a sophomore course. The 'book differs'significantly from

most laboratory manuals in its philosophy towards'both the student and the instructor.

The student is introduced to the concepts of experimentation, to the inter-relation of theory and

experiment, to the use Of dimensionless quantities and to the vagaries of instrumentation with a minimum

1
of prior theoretical background. Some of the experiments are open-ended so that students can learn

early in their college career that a-sligilt change in operating conditions can shift a problem from the

trivial to the challenging. Perhaps most important is that many of the experiments involve transient

situations; all too rarely are studentd introduced to the idea that the real world does not correspond

to the steady state Vich is usually ,set up in the laboratory.

The instructor should appreciate-the underlying simplicity of the experiments; little is demanded

in terms of manufacturing and erection, and the instruments called for should be available in any

undergraduate laboratory. Where needed, construction details are given in full. Furthermore sample

results are prevented; all experiments have been pretested with student groups.

In terms of required bhckground knowledge, little iS assumed for experiments 6, 7 and 12 which can

be offered at any time durAng the sophomore year and may even be included in a freshman engineering

course. Some knowledge of differential equations is desirable for experiments 1 through 5 with a dyna-

mics course recommended for 2.and 3 and strength of materials for I and 4. Experiments 8 through 11,

13 and lh are probably best offered during the junior year although for exceptional students or for

special rojects they might be suitable on the sophomore level.

Hopefully this set of experiments will make an impact in a field where all too long Stereotyped

perforMance,tests have ruled the curriculum and where experimentation'has been driven from the lower

divlsion years.' If it, can proVide only a modicum of excitement about mechanical engineering problems

,e

and supplement the analytical diet of which so many sophomore complain, it will have served its kurpose.
1.

--This.booklet has been prepared under the sponsorship of the National SCience Foundation

(Grant No. GY,2460 and the continued assistance and patience of the Foundation is grateAlIly acknowledg

,

One free copy its being-diitributed to'each accredited Mechanical Engineering Department. Addttional

colipiep will be,available at-nominal cost from the project director.

4

February 1971

F. Landis, Chairman '

Mechanical Engineering Departme nt

New York University
Project Director



Introduction

The objeCtive of tEis work is to bring together a series of experiments in mechanical
. ,

'engineering which are understandable to students in their first and second years of the

undergraduate program. While an effort has been made to mainlain this level,At is to be

expected that some sections will be too advanced for freshmen and sophomores. This is most

apt to pccur n the theoreticia development, and in sections where one might expect this to

happen there are notations in the text. Each experiment is relativeli simplb to construct
0add operate, and clin be done using instrumentation normally available.in undergraduate. lab-

oratories. There is no attempt to prepare a structured laboi,atory program. The order of

4periments is arbitrary except in so far as they are grouped a 'rding to fields bf study,

\ Each experiment is written in sufficient dettail Ito be useful to the instructol\or'the
A

stu nt. Primarily, the text is designed as an instructor's manual. Theory is developed

with ,onsitilerable detail when that is necessary, and usually references are iiven for two

source where additional pertinent information can be-found. Drawings are given of special

evuipme as'well as diagrams for the,expegmental set-ups.

Eac experiment hil,s been executed sudcessfully by -undergraduates in the Department of

Mechanical Engineering)at Tufts University. Sample results, curves, data. and calculations

are given. Data can not always be guaranteed to be precise, but it is safe to say it is

the best available from sev'eral'sets of resulta. An object sta.tement'precedes each experi-

,ment. An effort has been made-to ihsure that each description will stand by itself. It is

not necessary to read tlle experiments that precede a particular experiment in order to under-
/

stand it.

An objective of any experiment for the .engineering undergraduate is to motivate the

student:and call on him to.use his imagiriation and to be creative. All of the experimplits

can be modified so that the same apparatus can be used to do several distinct experiments

or a duccession df experiments. It would be improper to use the same experiment repeatedly

for a succession of students, and that plainly is not the intent of setting these down.

Some modifications are given in each of the experiments. A useful technique for introducing

modifications is,to have one group of students start ari experiment, letting groups that

follow build on the results of those who precede. In this way, the development of the experi-

ment follows.the pattern of long-term rftearch programs. it also provides.incentive for each

group to present its results in a Tanner easily understood by the succeeding group. In the

author's opinion, these experimenth are best done with'three students in a group.

In addition 6 the people cited in the text, I shohetlike tdr'a.cknowledge with appreci-

ation the speoial contributiAns of several: Professor Fred Landis, for his confidence in me

which he showed by asking me to undertake this task; Peter Boyce, r, Tufts undergraduate, for

preparing the drawings; Mrs. Irma Wabace and Mrs. Betty Steel for typing drafts and final

copy; and to the students too numerous to list who performed the experiments so well!

Kenneth N. Astill
Tufts UnivePsity
Medford, 14ass,
1:1 February 1971
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Experiment No., 1

The Torsional PendUlum

The object of this experiment is to-measure the frequency

of a torsional pendulum and-determine the stiffness of the

system.

A simple, but useful piece of laboratory equipmentlis a Tength of music wire about six

')

feel long with screw fasteriers Ivazed on each end, Fig. 1-4a. One end is clamped in the

ceiling, while the other is fastened to an bbject to forM a torsional pindulum. A torsional

pendulum oscillates about an axis, in this case lhe wire, as shown in Pig. 171b. Several

Interesting experiments can be developed from this-system, but first the wir4 stiffness must

be determinedi-

Wire calibration

To be useful, the stiffness of the wire must be known.. Pov ishibll oscillations, with

_negligible sic resistance the motion of a torsional penduluM can b6 described by the equation

4.

where

2
d-9

+ k0 =

dt
2

I = mass moment of the object about the axis

of rotation

= the angle of oscillation

t = time

-k = -the stiffness of the wire, radians per unit

of torque -

1-1

From the solution of this equation which is 0 = A sin (w
n
t + a) it is seen that the dis-

.,

placemenI is sinusoidal with a frequency, called the natgral frequency, of wn
= radians/

I '

. .

lecon'd. (See-ref. 1). ln this expressions,_ A is the amplitude and tx a phase angle, found
. .

using the initial-conditions. lling this inforMation it is apparent that if we measure the

frequency of t le oscillation for Nn.object of known inertia, we can calculatele sttiffness k.

A calibration disc, Fig. 1-lc, was made from a solid cylinder of metal (aluminum). Its

mass moment of inertia abbut its axis of rotationcis

OR
2

I =
1-2.

N 2 .

where m is the mass,lf.the disc and R As radius. Measuring thp period of oscillation of

the pendulum, the stiffness of the wire, k, can be determined from the expression for w
n

.

There is a aiscussion of units included with sample results in the next section.

An assumption has been made that the mass-moment of inertia of the wire is.negligible

when compared to the inertia of the calibration disc. Each section of the wire turns through

an angle between 0 and 0 depending on its distance from the faslening-poinl the ceil-

ing! Normally an "equivalent inertia" is defined as the inertia which woul+b added t6 the

disc to produce the same effect as the inertia of the wire. As the wire turns through an

-

angle less than 9, this is bound lo be smaller thau the inertia of the wire, 1 . This
wire

equivalent inertia could be found experimentally. If, instead of T. in eq. (1-1) , we add

_
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the equivalent inertia to that of the calibration disc, 1, then

1- I

/ k

I
1 e

1-3

Now w
1

'can be measured, I -Iman be computed from eq. 1-2, leaving two unknowns, 1
e

and k.

Using a second disc of known inertia -1
2

and repeating the measurement for\-115
2'

prodUces a
.

second equation in k and 1
e'

which can be solved simultaneously with eq. (1-3). It is

possible that-the effect of Fe on the frequency is too small to measure accuraiely, as is

/
,

.

quite likely the case here. It is a simple-matter to determine I
e

analytically for a wire

or shaft of circular cross section (reference 2):- Me result is
I
wire /

I . /
. .e. 3. _

.

i

An assumpon has been made in this analysis that the angular deflection of the wiM is pro--t

-s...

)
:

portional,k6 its distance from the point of,attachment.

If is posipible to compute k from the properties of-the music wire using the shear

modulus for the wire .G = s//, in lbf/in
2

.

where = shear stress and y = shear strain.

Let f = length of wire

0 = angle of twist per unit len* of 0/f

A = &ss-sectional area of the wire

r = radiusiof wire

then the moment required to twist a unit lengtH of wire through an angle 0 is

r sd.A

A

= Jr GIdA
A

y ,= r0

) '

iHence M =
2

Or
2

GdA

r
1

M

WI)ere J is the polar moment of inertia of the wire cross section

M_
Now k =

'

torque per angle of twist, where 0 is the angle
0

-through which ttie end of the wire'is twisted. In terms of 0, the deflection of each

4e6ment is

OGJ 4 GJ
Hence k =

f0

Sample results

An experiment was conducted to determine the wire stiffness.

31-
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.Dimensions of ettlibratioe disc:

-, masS.: 11 ;=- 1671,gm or 3.691'lbm

radius:.R =- .9.cm ± G.1 am or 0.295A,
, 1

*6 I=1/mR2 ''-=) 1/2-(167.00)?" 6.77 x 104 gm.LCM2.
,

. . .

2
or, in English unjts I = (1/2)(3.68)(0.295). = 0,160 lbm-ft

2
.

For.five measur'ements of the pericid made-with a stop watch, the average was. ,

or

and

9

T - 18.4 sec. which corresponds to frequency of

w
n

= -21-2 w. 0.34 radians/Second

2 -

k =
n

I = (0.34)
2
(6.77.10 )

= 0.783sx 10
4

dyne-,cm/raA.

-(:31)2 (0.160,,
= 0.00689 lbf-in/rad:

32.2

..

This calliation require introduction of thestwo-Conversion factorp

= 32,2 lbm-ft/flif-sec2

12 in/ft to produce 'the-unitS ordinarily 'Used for k.

A value of k can be,found usingeq. (1-5). For the wire:.

,

length: f'± 148 cm±0.1 cm-or.,
.

58.27. in ±0.04.4n
. -.. ---' .4-

diimeter: d =...6.10'x.10
---2

6in

, -x 10-2 III'

4
t(6 -1.0416-8 '14

,

J = nd ,'1 ,

OM . Or=
3z a',1

\
4 -8

n(2.4) 10 .

in
4

2

Shear modulus for music w.ioop:

0 = 12:5 x 10
6
lbf4in

2
or

(12 x o6 115f/cm2 )(4..45

d nes

A

,

I .

5
x 10, dynes/lbf)0.15.5 in /cm ,_

.=

0. ,
/

. :mc ..
,

r

. . ..
# From .. (175)

A
.

In cgs.: .

k .
a .= (8.6? A 10")n(Q.0)-410-8 (

P .

0:792 x 10
4
dyne-cm/rad

. (12.5 x 108)-1(2.4)410-8
In English uniis: k =

09)(32)

0.00690 qbf-in/rad,

The expei-imental value is within 1% of these predictions.

To determine the effect of the mass-momenr,of inevtia of trie wire fif,st compute

=wire

(m , )(r : )
wire wire

'2 '
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Nc,

. ., .' , A
e

.

7t. F ,Thp coi"ected inertiA 1n-clunIng 'this is
r-

A
. ..

0

.' N IC
1

1. + il- ti.a6. 1i: ..-666--i-:- 0.42- \
,. "..

. .
1 .

.
,

.

_which-is a change in the value of k of about 0.1%.' 'This 16-small enough to neglect.

"- "Ir"v
.7i1173:;- 7vi

.vo

For thib we require the
%

-4. -, - ,--.-
j g , .- .. i';"'

? J.

Maltyt -.the wire: (57-d

.
2

Wdensity) m 71:(4)21059(500)
-

N

V/28)

s -.7:72 4; 10
T

Tfie deusiiy chotitenifor the stee1 mire was 500 lbli/ft
3

.

< 4r

(7-72)(1.2)210_4 - 5.55Q x
r I

wire
r 1

\ Or,

,

-Then deteimine the effect qn,the fnertia. by:iptroducing
:

,
. .

, . , % ,

Iwiri -
-4

-,

'. le
3

rz 1.85 x.,10
-

"lz

Iteferences

.,

,,
t,

1. Church, A. 11., Mechanical Vibrationb, John Wiley and Sons, Inc., NewYork

(1963) p23.

:.

:

.`.2

'Crossley, P.R.E Dynamics in Machine, The Ronald Press, New York (1954)1 p119.
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Experiment No. 2

Damping.a Torsional Pendulum

An-electric galvanometer consists of a cYlindrica). core suspeNed on a filament. When

the core moves, it carries an'indicator such as a needle or mirror.. It is necessary -to damp

the system so that 1Vdoes not oscillate when the reading is changed, but comes to rest at

.
the proper position. -One suggestion is to immerse pdrt*of the core in a flad so that the

shear force between the fluid and the walls of the cylinder will provide damping.
V

The dbject of thie experiment is to obtain a relatiOn between

the geometry-and the damping, asrwell as'betwesn fluid prOperties -

and damping, In addition,, a second experiment will be,proposed

to.eXaMine thP.effeet_of a stat,ionary_concentric cylindrical wall

pn the dipping. ,

.

Experiment No. 2A

Effect of Fluid Properties

A model-of the-system IS shown in Fig. )-1. .It consists of a hollow cylinder, 3.867 in.

6

diameter? 4 11/64 in. long -It is capped with a threaded hole to receive the end of the music

wire. The Icylinder weighi ia 2.321 lbm. A drawing with dimensions is given in Fig..2-2. A

paper is eftmented on the top surface, having markings on the outer edge in degrees. 'This will

4

.

,, .

.
be used to measure thellangle of oscillation, by ilatching the lines with a stationary indicator 10

at-each.end of: the oscillation.

110.ng the music wire, the cylinder is allowed to oscillate in air and its period of
.ss

,

oscillation determined. From the.method described in Experilnent 1 (which assumes air damping
r,

to be negligible) the inertia of the cylinder is found.

-The pendylum is then ,allowed.to oscillate in a liquid, as illustrated in Fig.,2-1, and

,the angular displacemenmeasured as a function bf time. For the fixed geometry of the cyl=

incW, the variables of interest are: the kinsPof fluid used; the tpth of immersion; and the

distance ,b4tween the:cylinder wall and the container wall. In the practical dase it was the

,

last :effect thatrwasI)f Lost interest.

t

Devolkopmedt of thebry,
.

.

,

.

, The oblective was.to.dep0"mine the damping ratio for the damped single-,degree system.
..017

1This can be expressed 0 /Wile of the.logarithmic decrement, (S, or the ratio of daMped fre-
,

,quency, wit,- qo thEynatuil frequency, w
n

. Damping ratio is tfie ratio between the coeffic-,i

.

.P .
.',"

.3,ent Of /icous damping; c, and the critical damping coefficient c
c

. The development of A

t
tIllse expreqsiOns can be found in any elementary book on vibrations, e.g., ref. l'or 2.

, if:: :..

.

. To sum*Rrize this analysis briefly, bcgin with a statement of Newton's second law for

;+'jthe syseal.. Eq*ing the time rate of change of angular momentum (Iii) to the sum of the
- .

resisting4oWq,, due to the spring (-AO) and the damping (-cO) results in the governing
,

differcntial,equation

N-4

t-

.%

16 + cti + kO = 0 2-1

_

4



r
r
f I
If I

I DI A.

-4 .-
L. 1 I f

NEGlitLE
VEN LE

3 589
3.067
DIA.

,

DAMPING
FLUID

TORSION
WIRE

OSCILATIN.'
CYLINDER *-

-1

FIG. 2-2 HOLLOW CYLINDER FIG..2-I EXPERIMENTAL MODEL'OF
GALVANOMETER DAMPING DEVICE.

08

- 04

1- 00

M 340w.

-u) 300

LLI" 26

ix 220
-J

180

14

:1

FIG. 2 -3 ENVELOPE OF
AMPLITUDE DECREASE
IN AN UNDERDAMPED FLUID
IN TWO DIFFERENT CONTAINERS

1500 ml CONTAINER. C/Cc 0.0338
3000mI CONTAINER C/Ce = 0.0339

100

06

02

0.5

8 -

1.5



-74N- -414VS0410,440011rr.
4:10daTV-1

"ON' ' .\
where the dotted Wes are the second and fl.r'st deirivatives wiTh reapect to t1Te. Inti3Odu

a.trial soilntion of the form

leads to the Solution

where

and
.

,

r The.-forM of the sOlutlo'n depdnds on the- nIathre efthe texm in the radical.
. ,

.

_,
, -.. . .

\
': , - .-1

---"-------,-.'-

_ - --. ....

) 21 4

2-2

4..I.
7? e-

t 2-h.\

I

k :

:When 1.1,
-

The system is said to be critically damped and the critical damping factor

l

This can be igtroduced into the expressions for' P ,
multiplying and diviPin "by

11

-

The result is

The ratio c/c

When c/c
c
>1, the system is said to be overdamped, and.does not oscillat. Insteed

4

the amplitude decays exponentially frOn the initialstate. Light.damping or nn erdamping

c
c

2 kI

P1,2

is sothetimes

11.

+
1( c

2

24TT 4 kI.-

-
cc

)

I
n

2

expressed as

0

C

p-6

2-8'.

occurs when c/c.<1. Then the root is imaginary and the solution has the form ef a damped

sine wave.-

t

S

n

c n

o w
siVI +0 = 0 Ile

c '2
w t

c
c

.r.

Here . 0 cli
o

is c initial'amplitude which dec i4ys n time according to the exponen ial expres-

4
,

Ak.

c n .

sion e The frequency is called the damped frequency, w
d'-

and is lefined to be
,

= 111 w
,c t

,c ,2 2-10

This is the actual frequency of fhe damped system, and can be,measured. - Final] , the phase-

,

angle (I) can be determined from initial conditions.

Solving the expression for tire daMped frequency provides 'a means of dete-mining the

tet
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/

aamping ratio exper mentally as

c
,wd 2

,o

,

.t

I

2-11

If w in 16 frequency of thePoquatua in air (undamped) 'and w the measueed frequeney
n . 0

in the dal ing fluid, then...o/c
c

ean be computea..
1 ,

WLi,le thit.proceding procOure canAeemploybd wheredamping.is signif1can4,, it is
..

: di(fi 4W-to determine nc:/c1 experlmAat011y when damping.is smAil because wd, is approxi-
e 4 . ..,"-

.mat y equal to. (0 ,
AP alternito proceddre is- to measure the amplitude.of the oscill 1.4b-n.,

, -, -
.

on two succe,ssive- Oscillations, 01 and".02 ,,T,Let. 1-,)e. swings 1.)e kt times t n
...

t + 1 where ,T is the period of the damped-pendulum. Then since the sine p of the
1

,expeession is the same itietteh case, the ratio-Of thi' 'Gib ainPlItilae§-176`:
c

c n 1 --c
0
1 e

c
c c n 0

2 0) (t ti)
e

c

c
c

h 1

The logarithmic decremen.i_ 6 is defined as the logar m of-the rti- of successive ampli:

tudes, or

ka

2-12 '

tt) T 2-13

For a more accurateexperimental termination of 6, it is better to compare two peak. '

amplitudes that are seveval oneillat' Is apart, say n Then it is easy to show that tl4e

logarithmic decrement between the peak and the (I + n)th peak becomes

0.
.1

= tn
n u.

2-14

1+n

But the perio0 is relate tp, the damped frequency by the expression

2 if
=

211

-(c )2
n

/

With tqis s.uhstituted in the expression for the logarithmic decrement

be expressed'as

Sample results

C

C 4 1

the

2-15

damping ratio can

2-16

For the cyli der oscillating in air, the damping was too small to determine the ampli-

tude change, so yfle value of 6 was assumed to be small and w set as w
n

Foy the system

tested w = 54.4 rad/minl The inertia of the cylinder was found to be 4.46 lbm-in
2

, using

p.he music wir calibrate4 in Experiment 1.

In one experimeni water and clycerin were compared. .It was found that for.water, the

damping wa small and it was more accurate to measure amplitude, while changes in frequency

of the gl cerin-damped system were more accurately obtained. Some results are given in the /

17
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followtng table,for teets'ib containers Of several sizes. The effect a. the container wall
1 -

, -

Twr
)

is evident in th-b"results. ('

o.

r14Ad aontkinV,

Au1 -"'N6nplt
.

Water
. .

5 lt. ,

s 4.
. ,

1500' beak4r lq
3000 1111 bakr iJV7

1'4 V

1.
3

a

.
v 1

c/6

c
(0.

. .1, ..
-717-' ii"

. ...

; I

. .034

.t;1339

Glycerin 5'qt. pi1 S
'

31.9 rad/min,. .83q

1500 m1.beaker

*The. glycerin s a more effectiYe damping.fluid'than water_and the.effea .of the wall is

lore pronounced. TYleAmaller gap (1500 ml beaker) produced mor'e effective damping than the

larger (5 qt. pail). Curves of amplitude and the enveloPe of the-amplitude are shown in ,

20.2 rail/Min .938

Fig. 2-3 for the 1500 ml beaker.

Experiment 213

Effect of a Concentriall
4

In :the proposed galvanometer system, a concentric wall Kill be employed to improve.the.

damping. The object of this experiment is to determine the relation between damping and wall
1

location. The cylinder is allowed to oscillate in glycerin in a large container. A concen-

trio wall js introduced as shown in Fig. 2-14 In this case the wall can 1;)e made from a sheet

of thin aluminum so it can be adjustdd to-several diameters. .As the cylinder is 3.867 in. in

diameter, the gap Will be half the differende betwe-en wall diameter And 3.867. Tests' then can

,
be made by determining alnplitude a funCtion ortime for the torsional oscillation, for

several 14all diameters.

Some results

Damping'in,thee tests was more severe than in those for Experiment 2A:, It was 'over-
,

damped so -Oat the penduluni did not oscillae,e. Amplitude was ready by several observers at

intervals and recorded. A more accurate iteasure would be to use stroboscopic light and

record the position by multiple e)Nosurea on camera film. The angular displacements could

then be Aaken from photographs.

Curves of displacement versu8 .tithe'Olig.2-4) show the interesting result of an optimum

wall diameter of 5 inches. Larger diameters lead to a partial oscillation while smidler

diameters are sb heavily damped,tridt the cylinder requires too much time to cs5Me po rest.
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, Experiment 14o. 3

111e Effect of Fluid Forces on Osc41.1.y.EL,Tml

he object of,this experiment'is to investigate the effeCt a

sloshing fluid has 4)11 a dynamic system.

Introduction

ln the previous experiments the pendulum-was a'solid,mass, and the poSition of each

elempnt in the mass was fixed with reeTect to each other, If, during the 'oscillation, the

pendulum j.nteracts,with a fluid-, the fluid will be set 'in motion through viscous interaction .,

and pressure orces. The fluid will then move'At a speed which is2different from the speed

, of the peOplum. In solving equations of motion, the mass of the fluid, So excited, wJli
6

-increase-the;mass-or.,inertia term_as well as contrip.".the_damping term. -But'as the
_

' velocities of the fluid and solid surfaceare different, the effeciive.increase Iffinertia "

,

.will be different from the actual mas's or inertia bf the fluid. It cah be describea'as an

equiyalent Mass or inertia. This is a diffi,c.ult problem to analyze but experimental results

will be bseful in understanding the behavior. In additioh, these'experiments provide an

opPO-Aunity to _examine dimensionless ngmbers.

Dimensionless numbers allow generalization.from an experimental result. For example,

if one says a measured length is accurate to within one foot, it may not carry much meaning,

as it would be .good or poor depending on the length measured. .If, instead, the error was

one foot in a lehgth of 4000 feet, then one can exprftt. this e'rror as a dimensionless num.-

ber, 1/4000, which 'give.1 an indication of the,Accuracy. A more complicated expression is the.'

drag coefficient of a body moving through a fluid medium. This is the ratio of the resistance
pv2

force created by the fluid to the force equivalent of the velOcity pressure .

2
Using

D
to represent the drag coefficient And A, a projected froettal area of the body,-this is

traditionally written

C
D

Drag
2

(Pv ) A
2

In dimensions of force (V), mass (M), length (L) and time -(F) We see that

and

Drag force, F

p density of the fluid, M/L3.

.v = velocity, L/T

A = area, L

3-1

C
D

F ,2 F-T
2

.

= , = 3.-2

2
1

ML

(

'L
M3)

f
.

There is a redundancy here as we know.that'force, mass, length and time are related,by 1sIewton's

law as

13 -
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to.

Tr11:-."r 7 Ty.,,

Conseq1(ently

Reynolds number

with '\

ML T

L
) 2 dimensionless.

M

pvD_

D .= a length (L)

p = qacosity ML/T

is another useful dimensionless expresion in fluid ehanics. Experimental results for the -

\

fluid dmIg on bodies, such as a spbere, show that a cUrve of .CD versus Re is independent

of the size of the sAere or the properties of.the fluid. Thus results from a' single expet,i-
ft

ment-dan beapplied toot'har similar-systems.

sw.a.-...tr

e.

3-3

Experiment 3A

Fluid Mechanics in a Torsional Bendulum*

A simple but effaive experiment can be made using a common bucket as a torsional pen-

dulum,. The handles of the bucket are brazed to prevent swinging, and a clamp of some sort

fastened to the handle. Fitting the clamp with a 1/4-20 thread allows it to be attached to

the music*wire of-Experiment 1 to form a torsional pendulum.. Asigi.is illustrated in Fig. 3-1.

Having calibrated the stiffness of the wire, the mass-moment of inertia of the pail can be ,

determined using the procedure of Experiment J.

Next, the bucket can be filled to different levels with sand or other granular material.

The inertia can be determined using the music wire, and might be graphed against the mass of

the sand in the bucket. It is possible to separate the contribution to the total'inertia due

to the sand. It wouid be best if a granular substance having the density of water were used

to compare these results to the next part of the experiment using water.

A more interesting experiment results when the bucket is filled with liquid. This prob-

lem is a difficult one,,but it offers an opportunity for the student to.select dimensionless

vaxqables and determine their appropriateness. One can define a linear dampingfactol', c,

from eq. (2-1). Using inertia determined from the sand experiments, and,the wire stiffness

evaluate c as in Experiment 2. It is found from the experiment that this is very nearly

constant tyr any given run. The damping factor can be related to a characteristic Reynolds

qumber and colilpared graphically to determine if this is a suitable scaling parameter for the

damping factor. Variations in Reynolds number can be obtained by using fluids of different

viscosity or density and by filling the bucket:to different depths.

A Reynols numberin this case can be defined as the ratio of the torque at the wall due

to the fluid momentum divided by the wall torque due to viscous fortes at the wall.

Then

R
(mass of fluid) (velocity at"..well) (wall diameter)

e = (viscous stress) (wall area) (wall diameter)

. 7/

*This exppriment was based on one by Professor WilJiam C. Reynolds, of Stanford University

which appears in ref. 1.

- 15
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Introducing the propertres from this problem the Reynohs number is

2.

POD
ReT, =

11:1 -

D SuokAt diameter;1

p = viscoSi;ty

p = density of liquid.

6 = Amigular velocity of bucket

As we require a single value/for 6, we can,recognize that.

6 = Awsin wt

where A is an_amplitude and w the frequency of the oscillation.

Th n pwD pAwD
ire

2

*1
'

3-4

3-5

Whether or not the initial displacement of amplitude_should enter is a question to..,be examined

experimentally.
,

This experiment provides a good example of a very difficult problem in which dimensional
r

.,'

analysis is a profitable tool to employ: In facL, by experimental measurement, the rather long

list of important variables can be narrowed. For example, the ratio of spring constant to
, .,

moment of ineMia,is important, but not these individual quantities. Fluids of differing

viscosity and density can be used. In addition, the spring constant can be changed by 'shorten:-
W.

ing or lengthening the wire, and the moment of,inertia changed by adding mass external to he

bucket, so that the dimensionless parameters can-be varied in a number of way8, and the sc l-

ing laws given a thorough test.

Technique is not too important. With periods of the order of 5-10 seconds it is an easy
,)

matter to meas'ffre the amplitude at the zero velocity points by marking on polar graph paper,
.,..\

and noting the time on a stop watch. One must be careful in locating the clamp to-have it
.

ahpve the center of mass'of the bucket, lest lateral swinging motions be excited when the
,

torsional pendulum is allowed to osc,Allate. With water.in a one gallon bucket, the amplitude

is down about 50 percent after about six swings, so the experiments go rapidly. A three-man

group can get more data than it can process in a matter of an hour or two.

The flow-patterns dur;ing the oscillation can be observed by intreducing dye near the
.

.r

wall and along the bottom of the bucket. Through these patters, the relationship between tiCe

motion of the bucket and the motion of fhe liquid cah be examined.
,

Experiment 3B

A Torsional Pendulum with Two De.grees of 'Lreedom

It is simple to modify this experiment to one having two degrees of freedom by connect-

ing%a qeCond bucket similar to the first with a second music wire as shown in Fig. 3-2. This

is said to be a system of two degrees of freedom becuse it requires two Independent coordin-
.

ates to descrie the position of elements of the system. In this case, it is the angular

position of each bucket with respect td the ground. This system as two natural frequencies,

r
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:e
which can be observed if'the -oscillation is started-in jUst the right way.. Normally the

motion the result of combinations of the two "modes" of oscillation associated with

the two natural frequencies. Analyses anA examples of freq mibration (no damping) for syetems

of two degrees (5f freed,om are given in most elementary texts in vibration such-as refs. 2 and 3.

Result$ zIthe bei:terif the two wires have the same or nearly tht same stiffness. It will

be necessary to determine the stiffnuts of both wires by the muthod of Experiment 1 as 4611 AA

the mbment-orinertia of each mpss. ,Tbe-attractive aspect of this system is that the inertia

of either mass can be changed by simply changing the amoutit of sand added to,e6,ch bucket. The

motion will follow the beha;aor predicted by the vibration analysis'quite well a4(1 can-be

spelated to tisieinertD; of the two uasses and the stiffness of the two wires; that'is.t0i,the

natural frequency of each ilytiviOual.,pendulum,

To.produce a mope complex system, damping can be introduced by adding Water to the

buckets instead.of sand. This system is too complicated to attempt to analyze but provides

an opportunity to study.the motion through,eXperiment..

Experiment 3C

Fluid t,-1;71nics in a Simple '1',endplum

The.ohjective. is_to determine the effects on damping of a
simple pendulum resulting when the mass of the pendulum

4 oscillates through a liquid.

A design caflu(for damping the motdon of-a simpft pendulum by allowing the weighted end
. 2

to osctllate i9 a liquid. :An experimenta1 model was constructed as shown in Pig, 3-3. It

consisted of a pendulvm4tscillating on a hardened steel knife edge taken from an old weighing

balance. The pqnduluir boh was rectangular in cross section. It was constructed so.the pen-.

dulum bob could be in the-position shown or at right angles to it. A-large tub wns filled

with- water apd plaaed under the pendulum so 'that the bob was submerged for small angles oi

oscitlalion. Teys were thenmade to measure the frequency and logarithmic decrement in an

effor, to evaluate the effect on. the motion produced by the water.

' 1;or a simple pendulum with a mass, m, assumed to be concentrated at a leilgth' k

from the fulcrum, the restoring force due to gravity', g, is--mg2 sin 0, These forces are

shown in the -illustration, Fig. 3-0. Expressing Newton's law lor the pendulum,

? .

? d-0
-mg2 sin0 36

t
?

For small deflections, 0 Rt-sin0 eq. (3-6) becomes

d
'2

0
0 3-?

k
dt"

for which the natural frequency, w ,

A1T- 3-8
n A

- 18 -
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and iho period

T = 211T 4.,
3-9

The development of this solution directly parallels that for oq..(1-i.) (see also ref. 4).

This expression for the period can be compared eXperImentally to the.poriod,of the pendulum

measured in air. For.the pendulum of Fig. 3-3, the- !miss Is not concentrated at a point which

will result in a slightly different period from that given by eq. (3-9).

When the pendulum oscillates in the water, damping will result,due to the resistance AI
the water. In addition, the pendulum will induce some of lho water to move wiCh %the pendulum,

which adds to the mass in the equation of motion. Tho liquid will, also affect the restoring

force. Consequently eq. (2-1) will be written in terms of equivalent mass. damping and

restoring force, M c K respectively. Assuming that the equivalent Mass is concentrated
e e

K

v. . 2 . . . .

a distance from the fulcrum,-the moment of-inertia about the fulcrum Is M
e

P. and eq. (2-1)

becomes, for small 0,

2 -
M
e

0 C
e

+ K
e
0 = 0 3-10

Now wo cat express the equivalent ma§s as the -mass of the pendulum M plus-the equivalent %

mass effect of water, e,

N. = (M f e) 3-11

-
Damping is J:aused by the resisthnce of the water to the pendulum motion. This can be

. 8.

expressed in terms ol the drag coefficient,.which is known for flat plates, see ref. 5 or 6.

Referring back to A, (3=1) for the'definition of drag coefficient, CD, and reeognizing

.
that each eerm in eq, (3-10) must be a moment about the fulcrum, then

Chpv-
2

C (,) (Drag) R. =
2

Ae
A. is lhe area of the peildulum normfil to the direcion of motion. But the vel(;city of the

"pendulum bob Is
1

V ^

Hence

-from which ve .connude that

.

C
e

= 0 2
AL

3

2

C =

pok3A
D

2 I
.

3-12

Finally the restoring torque involves not only the eight of'the pendulum but the bouncy
. .

effect -due to the liquid. Hence the restoring moment for small 0,

and

Ke0 = [mg - (At ) NI 0

Ke = [ mg At pg lt

_

is important to verity thal each term in 3---10) has the same dimensions,

." ML
2
T
-2

.

21.-
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To retate the quantities expressed above to measurable qUhntities, w

pxpressix.ms from Experiment 2. Defining, for convenience,

equation 2,-_10 for the damped frequency is

Combining eqs. (2-13), (2-14)and (2-10,

with eq. 3-10), eq. (3-11) is ,

Referring now to the expression for cc

Noting that w
n

=11773-1
e e

and

The experiment-

The specific objectives of the experiment are to evaluate the equivale 1t mass of the

liquid and the equivalent damping from measurements on the pendulum. Simple i ysical measure-

ments were made to determine the pendulum mass, area and volume. The pendulum as allowed ,to

swing in the water. A Polaroid camera was used and the shutter opened for a swit\ of the

pendulum. Aftbr se'veral measured swings (n) the camera shutter was opened again:, The

exposure in' each case was long enough to ,record the extreme posi-Lon of the pendulum. This

showed quite clearly as the arm came,to rest at that point. During this int4rval, the ampec1

frequeNy was measured counting swings with a stop watch. The experiment can be run with- the'

bob as shown in Fig, 3-3 or a( right angles to it.

w
d

x' 1 (C) w
n

can us e several

3-14

141

eq

27
11 (

!a
)

2

.-1
d

(2-6), the damping

ccC =.2117:Te

K
e

C = 2c
w
n

C K
ue e

)2

factor can be written

The procedure for determining the equivalen t mass and 'damping were:

1. With liquid properties determined, the equivalent stiffness,

K
e

, dan be found from eq. (3-13).

Measuring 0
..

eq. (3-15).

at the two exposures 6 Was cdlculated from
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3. Knowing 6. and.having measured W
d'

W
,.

n
was computed

.

from eq. (3-16). -

4
ci

. Now C was aleulated from eq.,(3-14) or (t-15) as

*a.

(-1)

w 2

93

5. Haviq found C, K
e

and w
n

, the equivalent dAmping was

found with eq. (3-17).

6. With K
e

and w eq. (3-18) waswisolved for I
e

.

n ,

7. From the relation

T
e

= (M f e) t
2

a value-for the equivalent mass of the water was found.

I. ,

Sample results- .

. 0.,
.

.
.

Step 1. For the pendulum.thown in Fig. 3-3' oscillating in water (p=62.4 lbm/ft3), the

equivalent stiffness is

K
e

= [5.75 (.018)(62.4)] (321)(1.68)

= 250
2

lbm-ft
2

sec

lbm-ft
(Note: if K

e
is divided by the conversion factor g * 32.2 the result is

lbf-sec

7.77 lbf-ft, which is properly
e
torque.)

Step 2. ExperiMents were made with the pendulum mass as shown in Lig. 3-3 and with

the broad edge of the pendulum normal to the-path of the arc. For the latter case, the

damped frequencylNas 25 cycles per minute and the logarithmic decrement measured from the

'phOtographs was 1.20.
2

Stey 3. From equation 0-16),

V
w 2

(5 2
+ 11

1.20 2
=

2r , 2r
( ) 1 = 1.101

W
d

1171.61.25 = 26.2 cycles/in

or 2.75 rad/sec.

Slep 4. The damping ratio, equation(3-1 is'

=
1

1.101
= 0.303

Step 5. From 0-17), the equivalent damping- was

.

(2)(0.303)(250) lbm-ft2
= 55.1

2.75 2
SeC

55.1
or = 1.71 lbf-ft-sec

32.2

23
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Step 6. The eqaValent inertia, I is from (3-10

-e

(w )n
whiçi IS equivaleft 'to a mais of

(1.66)2

= 83.1 lbm-ft2
.75).

d: '1101

.;
1Step 7 Mass equivalent of the water is

= 11:71 - 475.= 5.96, lbmf

Based on the'reaults of Stelsonand Mair's (f. 7) t e equivalient mass, M
e

, should
i

have been 13.6 lbm. Thin is 14% ,largerIhan_lThatieerml_eA_Ogye/
._...__

An equivalen% drag Coefficient can be estimad for the,.. plate Using eq.. (3-12) and the
'W 4

computed damping-coefficient 1.71 lbf-ft-sec. A v0:ocity is .rOuired and thp average was

-)assumed to be .wd/lff . , ..-,

/
/

.

Then a l' . /-
.

(1'71)(32d) in A'Nt2-75 1

(62.)(1.68)
. ' . $ \Vr41/,.141 rC

D
=

= 0.351

This.in about 1/3 of what' one might anticipate for ttui drag coefficient from experimental

results (ref. 5 oi 6). This discrepancy could be examined by furtherexperiment. It is
it,

quite likely that a more appropriate way of selectin6Caverage velocity" could be made.
.

Two additional observations can be made regarding the experiments. Results,for the

-pendulum turned with its narroa edge normal to the Motion were comparable to tfle above in

their agreement with ref. 7, and in the magnitbde'of the discrepancy in determining CD.

Several tests were made for each case,varying 0 at the start of the test from 50 to 220.

The dampd frequency was unaffected for thiS variation in the starting condition.

References

1. Landis, F. C. et al, Lab6ratory Experiments and Demonstrations in Fluid Mechanics and
Heat Transfer, New York University, New York,_New York (1964), p.24.

Church, A. H., Mechanical Vibrations, John Wiley and Sons, New York, N. Y. (1963),
pp. 221-256 and p. 289.

/ .

3. Thothson, W. T., Vibration Theory apd Applications, Prentice-Wall, pp. 159-171
"(particularlY problems 1 and 2, pX 200)

4, Church, A. H., (op; cit.), p. 20.

5. Street, V. L., Fluid Mechanicr, 5th ed.,McGraw HiA, New York, New York (1971), p, 271.

6. Hunsaker, J. C, and R, G. 1 ghtmire, Engineering Applications of Fluid Mechanics,
McGraw Hill, New'York, New 8rk (1907), p- 198:

7. Stelson, T. E. atylIF. T. airs,"Virtualmass and acceleration in fluids", Trans. of ASME,
,

vol. 122, (1957),, p. b
o

i

_ 24 -3.2

-



r

Introdu4idn

Experiment No. 4

.'r'IrINg11.11r,'"1-,1A7,FIerTrr'firr"iirll'orirwXk
\VT

!" '-'54 '1 ';.A , ,... . \ ,. ,A\en

Internal Damping in Structural Material

'Prepared 'by Roberreif
Associate Professor`of Meohanioal Engineering.

Tuft's University

The object of this experiment is to dofigtelna4tically and

measure experimentally the internal damping properties of

structural materials.

This experiment brings together, in a laboratory setting, some ooncepts in material's

-and-dynamice-that-t:he.atudent-learna_during_his_first_two_yeara.9f.engineeiAng
educaiion.

_

Some of the more pertinent aspects are

i) modeling a beam as an equivalent spring

modeling material damping behavior in terms of equivalent

viscous damping

iii) plear determination of the relative damping propertilss of

various common'epgineering materials arid the possible

.variation of this damping effect with freqbency.

Nomenclature:

m mas of cantilever beam

M - mass pf tip load

Y - deflection of tip mass

k _ length of beam

J.
_ moment of inertia of cross-section

E _ elastic modulus of heam

t time

K -. equiValent spring constant; JC = 3E1/9,
3

damping Constant

c
c

critical damping associated with viscous damping, c = 2Mw
C n

ti undamped natural frequency;

d

(S

Discussion

damped natural frequency; w = w
d n ,

dimensionless damping ratio; C = c/cc

material damping factor (dimensionlesa)

logarithmic decrememtl

The basic experiment involves the free transverse vibration of,0 tip loaded cantilever

beAm and the measurement of the resultant amplitude decay. The first step in the analysis is

to model the cantilever as an equivalent single degree of freedom mass spring system Pig. 4-1.
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In the following, it will be assumed that M>>111 so that the beam is essentially acting as a

spring for the tip mass M.
1 The stiffness; or spring constants K may be derived from

"strength of materials" considerations for a cantilever subjected to a tip load. This-load,
\

vided by the deflection at the tip (x = 0 due to this load, gives lhe following value

of,\K (ref. 1) It

'3EI/t
3
Elbf/inJ 4-1

The quantity c is not the usual constant.associated with,the viscous damping of a dashpot

but is related to the material damping factor n that we are seeking to find in this experi-

ment. However, for the time being we shall take c as a conptant; application of Newton's

law to the single degree of freedom "system of rig. 4-1 then leads to the follOwing second'

mrder, \linear ordinary differential equation, with constant coefficients, (ref. 2).

I

2'
Md y ky ..:-. 0

2 dt
dt

14-2

Normally, this equation is put in more useful engineering form by introducing the following

terms: o
c

, the critical damping associated with viscous damping (m2Mw ); '(, the dimen-
n

SionlesS damping ratio (=c/c
c
); and co

n
the undamped natural frequency. Then eq. (4-2)

becomes
. .

2 -0

. d --i + 2Cco 1.Y- + io 'y - 0
14-3

. n dt n
dt

'and its solution for a system with an initial displacement y(o) = y
o

but with zero;vel-

ocity (dy/dt)t,..,0 = 0, in an underdamped situation of C<1, is (ref. 2).2

-Cto t Cto

Y Yoe [cos to
dt

+ --n- sin to
d
t]

w
d

where w Is the "damped natural frequency" (=w
n
47-0) . This solutiqn represents a

damped periodic function which schematically looks like Fig. 4-2.

4 - 4

The higher the damping constant c (or equivalently, C since C = c/cc), the steeper
4

sp:

the exponential envelope, and consequently-the vibration takes less cycles' to die down. The

rate at which this vibration decays is of importance and, indeed, ie the quantity that is

I.

1ror a more accurate model which takes the mass m of the beam into account,,it follows from

ref. 5, pg. 430, that the'equivalent mass in the single degree of freedom system may be taken

as (M + .23m).

2
-By making use of trigonometric identities, it may be shown,that this solution can also be

written as -A

4 (on

Y r2 Y e sin (w
d
t + 4) , 4 = tan

-1 d

o w
d ,

CW
n

;7-
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measured in this Lperiment. Consider the two local maxima y
A

and yE iii Fig. 4-23 in

-cw t
n n A il) .CW (t

A
+ 31)0,

n n wwhich the amplitude chews from y
A
I= y --a to v

0 w
d ,

-13 '- Ye w
d

e
-d . Note

that yil is a constant factor e-2/TCwn/Wd times y
A'

This faCtor is the satne for,any two

consequtive peaks. _Therefore, in general tor any two adjacent peaks, v and v the-n- Jn+1 '
following relationship llolds,

Yn

n+1

2ffCw /4.1

e
n d

Taking the nat ral logarithm of both sides of this equation introduces the logarithmic

decrement ó

6 R,n

yi; 2nCoin

Yn+1
w
d

2ac

Il-C

'1.

The magnitudes of the adjacent peaks may,b picked off the response curve Fig. 4-2 and the

logarithmic decrement calculated; substituti n into 4-6 will then yield C, which is a

measure of the.damping in the system.

As will be seen from actual-experimental output, the adjacent peaks are so close together

for small damping (C<<l) that it is quite difficult to obtain accul4ate results. A better

technique is to uset.44;-peaks y
1

.and v
-n+1 ---th,atare separated by enough cycles so that an

accurate measurement can be made. It i8 easy to show(ref.2), that for this case the

logarithmic decrement 6 is

4-5

4-6

6 E 1 tn
Yl

27rC

n v
-n+1 11-C

Finally,

7

f r small damping V<1, we may approximate eq. (4-7) by

/

1 1

2irn
RAI

4-7

4-8

As has been mentioned previously, the damping involved in this experiment is basically

due to the inherent internal friction prope'rty-of materials and is not associated with any

external 'mechanisms. We may now write the dissipation term ,c
dy

in eq. (4-2) explicitly
dt

3
We may assume for engineering purposes that these local peaks
the envelope curve

Yo

w
n

7Cw
n

t .

e
w
d

YA- and are tangent to3,13

Comments on some possible energy loss associated with clamping procedures and also air damp-
ing is discussed in the following "Experiment" section.
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for the materied damping property that wil be measured in this experiment. Prom previous

experiments on typical. engineering materials it has been observed that the energy dissipated

in a typical engineering material per cycle of forced.S11111SOidal vibration 4s independent of

the frequency and is proportional to the square of the amplitude. Consequently, we model the

material damping force as independent of frequency and proportlonal to aMplitude,

kn
mateiirial damping force w dt

14-9

where n is the (dimensionless) material delving factOr, and w is the frequency. The

damping force, as expressed-by eq. 44-9), is obviously independent of frequency since for

1(
forced sinusoidal vibration the velocity dy/dt is directly proportional to the frequency w.

We may\now carry these concepts over to the present free vibration problem and.replace the

damping constant c .in (4-2) in terms of an-"equivalent viscou8 "dampine-bssed (4-9)

2 :3,Z

Md y + Ky = 0
dt

dt
2

2
Kn

ft
2 w

d
c

STIL
t
+ Ky = 0 4-10b

4-10a

Introducing terms in a similar fashion to that used in going from (4-2) to (4-3) and

assuming w yields
-

d
2
y AY_+ 2.4)

n dt
+ w

n

2
y = 0 4-11a

dt
2

= n/2,
4-11b

Combining (4-11b) and,(4-8), the damping ratio is,eliminated giving a relationship between' '4

n and two peak amplitudes y
1

and

1.

1 Y1
n = kn

-nn Yn+1

Equation (12) is the'relation that is used to calculate the material damping factor n .

Experiment

The basic experiment Involve the monitoring of the free vibrations of a cantilever

4-12

-

beam carrying a heavy mass at its tip. The material damping factor n is then citermined

from eq. (4-12). It is also of interest to determine possible variations of n with fre-

ey
queney of vibration. This fre'quency variation is obtained experimenta1179\by changing the

magnitude of the tip mass
5
or shortening the length of the beam. It is inherent in the

k
discussion involving eq. (4-9) that n is independent of frequency. (Experimental results

5'From a study of gravity effects it may be shown that decreasing the frequency by increasing

the tip load will yield accurate results-as long as g/k < IS_ , the beam frequency is

greater than the frequency associated with pendulum motion. This equation serves to put a lower

limit on the frequency range.
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on engineeri4 materials Nat low frequen0y, i.e. between 2 and 100 cycles per second tend to

confirm this;frequency independence, (ref. 3)):
Ve

A scheinatic of the apparatus used to obtain data is shown in Fig. 4-3.

The cakilever is clamped securely to Massive structure so that losses due to this

connection ape minimized. Some researchers have reported good results, (ref. 6), using a

beam with aWkenlarged end which is then clamped to a massive structures Strain gages are

glued to both sides of the beam near the clamped end (BLH SR-4 gages with Eastman 910 adhe-
.

give produces good results). The gage leads are attached to a bridge circuit so that the

(strain produced) change in the resistance of the gage can be measured Iiit4,preci8ion. Al- r

though self-temperature-compensating gages are the most desirable, temperature compensation

may be attained by attaching the leads from the gages to the two adjacent arms of a four arm

bridge', (Pef. 4). This set-up also has the advantage of eliminating strains associated with

longitudinal stresses (as opposed to bending stresses). The deflection y(t) at the tip of

the beam and the.strain -c(t) from the gages are both linearly proportional to tip load,

and hence linearly proportional to each other.
6

The strains are then amplified and sent to

a strip chart recorder so that a "hard copy" of strain versus time can be recorded. A very

convenient device that combines both a bridge and an amplifier cirdbit, and is specifically

built to accept strain gage input, is a Type Q Plug-In Unit for use with Tektronix oscillo-

scopes. 'This-unit minimizes problems associated with calibration, balancing, linearity, etc.

The typical chart recorder that accepts the amplified sigmals records on heat sensitive paper.

Chart speed is variable so that maAmum accuracy can be attained in reading relative ampli-

tuecs. Good results have been obtained using a Sanborn chart reCorder, Model 322 Dual

Channel DC Amplifier-Reco/Oer.

It should be noted that for metals, which typically have Fulall values of 11, the

damping associated with air resistance can be of importance. For accurate results one then

has to consider a vacuum enclosing system around the beam. A typical device would be a long

glass tube around the beam and base with an attachment leading to a puMp. The vibration may

be initiated by ilsing a bar magnet outSide the tube to attract a strip of iron attached,to

the beam. Another-way to start the motion is by displacing the end of the beam with'a thin

conducting wire and then sending a high current through the wire (using a battery -Source);

a high enough current will melt the wire and start the beam vibrating.

A typical specimen is a wood (pine) cantilever 7" in length and 3/4" by 5/32" in cross-

section. The natural frequency is about 70 cycles/second (simply let it vibrate without any

mass at the tip and count the cycles on the.chart paper). Shown in Fig. 4-4 are actual test

results for.the beam with response frequencies of 16 and 30 9ycles/second, respectively (the

chart speed is 100mm/sec). It may be seen that it takes about 20. cycles for the amplitude

to drop 50%; substitution into eq. (4-12) leads to a value of .011 for the structgral damping

factor 11. It is sometimes difficult to read the curves if the zero point is slightly off

line, as in Fig. 4-4b. To alleviate this difficulty one can read the double amplitude (on both

4

6I
he actuarconstant of proportionality are irrelevant since only the ratios of strain (or

displacement) amplitudes are necessary in the calculation of the material damping factor n.

./
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(a) 16 cycles/sec.
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Fig. 4-4 Strip chart records of damped oscillations
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Si
1+,xero).. Further testing with differant end masses verified that this result

rOghly 4Vependent Of frequency. These results are plotted in Fig. 4-5 and 'a.greo

p40-1014PValues ih ref. 3.

TO get'.xa4lte

var4ies

0

at higher frequency the specimen should be cut down. Since the stiff-

eq. (4-1)-cutting the beam in half increases-the frequency by a factor

-!:?.43)y ,

118. g 2.0,7:T:he values of n foi, common metals such as hteel and popper Would fall

an order 4,magnitude below this value for wobd (thereby necessitating a partial vaC-
. .

. .

uumkt viroe t .t0.,maintain accuracy) while a hard "viscoelastic" sUbstance sflch as poly-.

/me-a *otha4.ylatelipcite, plexiglass) would have n about 5 to 10 times as high as the
.

'1
vzi.1'021 ood. S(0411 typical values of 1. Aaken from experiments and ref. 3, arelshown in

Fig..- t.shoultpointed out that viscoelastic materials such as lucite are quite

' ,,.
-enyjrorttntal-cmliftiona,i-in:particular4-the-temperatureThisleada..tb_sKim____L_.:--sens

diffiqUtt in reprAt4g-resuits for different specilliens under different conditions, but

it should.b1Kt of'itIterdo the students to try to quantify these effects.
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Introduction

Experiment No. 5

Oscillations in a Manometer Fluid

One of the problenm encountered with manometers is the oscillhtions that can occur-when

the pressurebeing measured is changed suddenly. Instead of coming to rest, the fluid open-

lsteS, u.1 the natural damping causes it to come to rest. In this experiment' we proose to

examine tile relation between fluid viscosity and the damping.

Consider ,the simple manometer shownqn Fig: 5-1. A column of liquid of length t and

having density p is contained in t'lle manometer as shown. 1%-the analysis itt will be a9sumed

. that both ends of the U-tube are open.to air. We shall neglect the mass and- damping of the

air. For the present we shall also neglect the daMPifig in the liquid, Tho Iliustration-stOws

the fluid oscillating with the distance from the equilibrium level to the liquid level equal
-

to h. i

The mahe VE.liquid oscillating is 41° 40 0

nd
2
tp

aim
5-1

where, d is the'inside diameter of the tube.

IF we consider the pressure on Lhe surface Of each leg equal, the force dee to the difference

in levels, 2h, which -terkls to restore the liquid to a level state is-

211-tid
2
pg 5-2

d
2
h

Writing Newton's second law for this use, using h = as the rate of acceleration of the
,

dt
liquid, we obtain the expression

or more simply

A

2 2
'lld 2-nd p ,

II
h

-

2 th = 0

For'nfOre detail about the dOveloPment of the equation and its solution see ref. 1. The

solution of the equation indicates that the oscillation is sinusoidal with a frequency,

tan the natural frequency. For WI displacement h
o

the iribtion is

= h
o
sin w

n
t

-where w =
it

5-3

1

5-4

5:5

The liiuid contributes damping due -Co the viscous action along the tube wall. Assuming

this to be vistous damping, which means that the damping force is proiiortional- to velocity,

11, such that the damping force equals. cfl, Newton's second law becomes

7 '41. 1.1 h =
k

-6

For a discussion of the solution see ref. 2 or 3, and Experiments 2 and 4. For damping less
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2

than eritioal,,the damping ratio oan be eXpressed

4

Si

4

where

6

Od 2
Wn

MS t. ,

t A

c
0

m 2mw , the critical damming factor
.

w
d

4 frehuency of damped system

w m frAquenoy of ungmped system (the natural
frequency)

Wn

5-7

Referring to Experiments 2 or 4, it is possible to measure the logarithmic decrement,

, -and compute- t---from'it-; -as

1
h

kn
n
i+n

Thelchoice of procedures will depend upon the'amount of damping. ror very light damping,
;

w and w
d

are nearly the some, making precise evaluation of eq. (51-7) difficult.

Having found C , it is possible to determine the damping factor c by evaluating

w eq. (5-5) then c
n.

Experiment 5A

Effect of Manometer Geometry on Damping Factor

The objectin of this experiment is to determine the effect
on the osei)talion of liquid in a manometer produced by
changes in the length an0 diameter of the liquid column.

.5-8

This experiment will involve a single liquid in zii ope'n ended U-tube. Water is suit-

able. Now apply a pressure to one leg and release it suddenly. This will cause the column

to vibrate. The tube will be filled with different amounts of liquid, thus changing k .

For each k , the frequency,, wc, , will then be measured and the natural frequency w

computed from the expression developed above. From this information valnes of c/c
c

and

c can be computed. Now plot, versus liquid length k , c/c
c

and c . Try to

establish some relationstiip for c (k).

For low frequency and large damping it may'be practical t-o evaluate w
d

with a.stop

watch; then to determine i,he damping ratio from eq. (5-7). For other cases it will be

necessary to ptermine the logarithmic decrement which will require determining the amplitude

at specific times. Optical measurements provide'an accuracy with no disturbance to the

dynamics. This re res that glass tubing be used with,colored (or opaque fluid). Dye can

be added to clear fluids.. One technique is to use a photo-electric cell, mounted so it. may

be moved vertically. When the fluid is between the light sou'rce and cell the signal will be

interrupted. Dy positioning the system so that it is just interrupted by the fluid al the

top of its oscillation, the point ctn be detected when the fluid stops intergopting the beam,

and this height measured. Quickly relocating_the cell, and cbunling oscillations, 'n , a

second point, h
n+i

can be measured and 6 caicuAoted.
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Using a Polaroid oamera (or better still,.video tape) wiyh 3000 film, exposure oan be

made atlwo successive ames. This will require advancing the film for each exposure.

Exposures must be'mede by opening the lens hear the top of the oscillation for saficient

time for the fluid to reach its maximum,height.._,With-a scale mOunted beside. the manometer

the height of the oAeillation can i;ea measured from each photograph. With video 'Owe the ,

recorded pictures can be replayed frame by frame o determine the maximum height at two

.different times: Close-up lenses on the video camera will iMprove-the acovracy of the mitita-
i,

urement. In'either case, better definition can be obtained by lighting with high frelqueney

stroboscopic lighL

Another problem which should'be examined is the e'ffect of fluids which wet the wall.

Non-wetting fluids will behave more like the model. It may be possible to treat the inner

wailof the tube t-c5 reduce wetfing withlaaten.

An alternalivo experiment might be performed by'repeating this experiment.for tubed' of

three different diameters, and to establish the effect of the tube diameter on the several -

variables.

What might be,of more interest is to relate the damping c te the wetted area of the

manometer tube, Ira. Plot the results of all tests with damping as the ordinate and wetted

surface area as the abscissa. Does there appear to be a consistant relationship between them?

E4eriment 513

The Effect of'j.quid Viscosity on Dampin.gLin a U-tube

-The objpct is to evaluate the effeCt ob fluid viscosity 'on
the dMiping of oscillations in a U-tube manometer. ,

EAperiment 5A, the objective was to determine ifdamping could b6 related to the

,t.t.ube geometry, and in particular, the.wetted surface area. Our next objective'is to evaluate

the effect of fluid Viscosity on the viscous damping. 'fo accomplish this, fluids of different

viscosity 'will be caused to oscillate in the U-tube and the damped frequency or logarithmic

decremest mvured. Tube diameter and length of liquid, 9, , should be kept constant for

each of the fluids. This will establish a single value for w
n

',and-wetted surface area.

From separate measurements or tabulated values, p and the viscosity, p , can be foland.

Now determine the damping factor c. r should be used with less than criticM. damping.

Try mercury, and silicone oil.- Select fluids for which p is known. Graphs cav be draWti of

damping factor versus viscosity. Once again, the question is:- 'Can a relationship between

these properties'be'established? If so, what is it? Furthermore, can a relationship be

established for dampingNhich includes both wetted surface and viscosity'? Measurements can

be made with various 9. and a for Ceveral fluids in order to evaluate this relation.

An additional exercise can be ddne with the more viscOus fauid. That is to try, by

extrapolation and experiment t:c) reach critical damping. Now coMpare the'result o the

expression for cc,

c = 2mw -
c -,1 n

,
/1 iTh4 )
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Experithent sd

r :

Modifiqation of. the System to Increase Damping

The objective is to introduce damping with a small

restriction to the flow, and to evaluate ita effect on

the oscillation of fljuid ina U-tnbe manometer.

One way to increase damping in the U-tube manometer is to introduce an orifice intu the

system. The restricion imposed on fluid movement will reduce the response of the instrument,

but Will also prs?vide it'ddftional damping. An orifice mightlpe used in the base of the U-tube

to restrict fluid fiow from one leg,to the other. In this experiment, the-restriction will

be placed in the opening to atmosphere on one let. Conseq'uently, air displaced from one leg

by the fluid must pass t'hrough the orifice to escape or return.
_ _ . _

We seek, experimentally, answers to several questions.

1. What is the effect of orifice opening on the time for the manometer

to respond to a pressure change? A variable orifice or valOe should be used,

Iwith response time measured and plotted versus some measure of the valve

setting or orifice opening. What fi3 really-needed here is to minimize the

time required to come to an equilibrium state when,a change in pressure is

made, and it is that which should be measured: It may be that too much damp-

ing will cause thi'v time to increase- Ts there an optimum? Use water as the

fluid.

2. What is4the effdt'tt on response lime of the size of the air column of

the restriction?

3. What effect is observed by changing the length of liquid in the U-tube?

Devise a Method for evaluating the response.in terms of these variables, and conceive

Tiethods of.expressing the relationships among them in a clear way.
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Experiment No..6

Accelerationof a Spinning Use

A Machine is to be designed in which a disc Is to revolve in free air. It is 116asav,y

to determine the power required to drive the disc as a function of the speed of the disc.6

make this evaluation an experiment will be conducted using,the model shown in rig. 6-1. A

circular dIsC iS mounted on a shaft. Tho shaft is Supportedby two bearings, with the disc

overhanging as shown. rinally the system is mounte'd to a firm table.

Experiment No: 6A

Dolermination of rrictional_Uffects

ThAlject of this experiment is to measure the frictional
resistance on the disc and then to exOreSs it aiS 6 function
uf speed.

The test will involve bringing the disc to some angular speed, then allowing it to

decelerate due to the air resistance and beaTng friction. The rate of deceleration in pro-

portional to the tOrque applied by these resistive forces, according to Newton's law:

'la c 00
.1

where I the mass moment of inertia of the system
about the axis of rotation

a the angulsr deceleratien

= torque due to friction forces, a
function of the angular speed, w.

4*

6-1

-
Inertia of the disc and shaft can be found by calculations, knowing the geometry and

density of the disc and shaft, or it can be mcasOred by meanb of the calibrated torsion wire

or Experiment 1. Express it IhmT,inches
2

is necessary to measure the acceleration.

This is more difficull to do Lhan to measure angular velocity, and it Is Known that accelera-
.,

Lion is the lime rate of change of velocity In terms Of infinAesimals, it is the derivative

of velocity with respect_ to lime:
4

, where

dw
dt

w = angular velocity

t lime ,

6-.2

One soon learns that derivatives are difficult to evo tua to experimentally or graphically as

tlic6c usually entail measurements at discrete time (intervals; or approximating tangents to

graphs. IL is now a questionof making accurate measurebents of angular velocity, either at

discrete (ime intervals or continuou ly in time.

Procedure sugsestions

Some pasuring schemes c,ome to mind-quickly which extract excessive amounts of energy

from the syl,em. Thus, the instrument contributes to the resistance giving a false remilt.

Instruments. in this category include mechanical or electric lachometedrs. A simple revolution

counter can be made by attaching a small manget to the shaft, which will pass a pick-up coil

with each revolution of the shaft. As it does, an electric impulse is induced in the coil by
411,

the magnet which can be'used to drive an ele6tronic fittpulse counter, or. to produce-Lis&ajous
41
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patterns on an oticIlliscope ( ref. Land 3).
#

Another almple speed-measuring technique which can bo employed is to use a Slrobotac to

bring a mark on the wheel to an appetrently stopped condition. Ono moon learns is better le

set the frequency of the strobotac and measure the timo al which lho wheel speed becOmes. syn-
k

chronous, rather than trying to measure the ilme-varying speee at a given instant of tipo.

Thls is best done by setting ihe strobolae to a frequency, say 600 flashes per minute, then

marking lhe time that the mark on the disc appears to be stationary. A single mark will

appear at 600 rpm. There will bo two marks at 300 rpm; four at )50 rpm and so on. This has

the advantage nf spacing the readings more closqly in the low speed range. Repeating the

lost with the light set at 400 flashes per minute, wilT-Errow measurement at 200 rpm, 100 rmp,

Determination of resistance

It is now neceqsary to determine .frem the time-volocit data. This can be-done by

approximating the deri.;ative by a finite difference approximation

to - to
dw 2

J (IL t t

2 l

6-3

where lhe subscripts refer to successive measurements. As an alternative, data can be plotted
dw .

and tangents (

-(7.1-i

-) measured. An improved techniqiie would be to fil a second degree polynomial

jthrough three successive data points expressing (t) as

w = Ao t A t t A2 t2

With the coeffiCients A
1

and A
2

determined

(.1°1;.,y A + ?A t
dt

for a yalue of t in the center of the two-step interval.

6-5

Now lhe value of c
1

in eq. (6-1Y can be found for several values of speed w , and

a graph c
1

vs . w can be constructed. It might look like Fig. 6-3.. Notice that for the

units of c
1

(w) are in lbf:ft., which requires that the inertia of the shaft and disc, 1, be
2

-converted to'ls:lugs-ft
2

(lbf-sec.-ft) and a to be expressed in radians/sec
2

..,,

Sample results

An experiment was cOndueted using a solid aluminum disc 12 inches.in diameter having

toW) .9/16 inch thick annular rings fastened With Screws to the front and back faces. These

rings had an (iutside diameter 8t 12 inches and an inside diameter of 8 l'nches. The disc

assembly vas fastened to the shaft .of.the apparatus, rig. 6-1, and a pulley was fastened to

Ahe back end. The aSseMbled rotating parts had a mass moment. of inertia of 0.0751 lbf-ft-sec

or 2.419 lbm-f2t. . Using an electric motor and a v-belt drive, the Astern was brought to a

speed orabouti1000 rpm and lhe belt slipped off the pulley. Using a slrobotac, and the

technique described, lhe lime required to decelerate was determined. ' It is shown .graphically

in Pig; 3-2.

- 113
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from points on tho curve, the acceleration wae computed by eq. (6-3)-. Putting

and a in eq. (6-1) c(e) was calculated. Results for c(w) are shown plotted va. speed

In'fig. 0-.0751 lbf-ft-sec And r--a-- --in rad/sec2, n(w)- is-expressed
,

Experiment No. 6B

A Least Spares Curve rit--

The objeot now is to use the data for cI(w) from the ObviOnS
experiTent and express the_kpnOtional rsTationship as a poly-
nomialf degree two using the method of least squares.

The form of the polynomial is

c (w) m a +aw+ a
2
w
2

6-6 ,
JD 4.

;

The method of least squares is described in refs. 2,.9and 5, and inVOlves a selection Of

the coefficients a
o

, al and a2 such,that the quantity,
.

2 ,2
P (a + + a2wk

kmo 0 1 K elk'
2 4

is a minim6. Here the c
lk

are the values o0 c
I

computed from the test results at the

wk. There are a total of n such points. Th,e method requires the solution of a set of

asimultaneous algebraic equations, linear in the unkriowns ao, a and
,2*

na + a E w a k t C
1,-). 2

'- 6-7

1k=0 k 2k.rzo k- kmlo 1k4

a E W a o), 2 a 2 w
3

o k=0 k lk=o K 2ki=40 k 46..0 lk-k

n 2 n 3 ' N n 2
a E w a E w a E w E c w
o k=0 k lk=o k 2k=o k k=o 1k k

The procedure then is to take the computed values of c
lk

and the corresponding

w
k

and deterMine the Irbest" fit according to tne criterion of least squares. The values

of R
o'

a
1

and a,
2"

will be found using the eq. (6,8). These wiirthen be-substituted in

eq. (6-6) to give the second-degree polynomial having the "best" fit.

so,

4Vv

Sample results-.,

For the data plotted in Pig. 6-3, the expression for c
1
(03) was found to be

-5
c
1
(w) = 7.6 x 10-2 + 7.5 x 10 w + 2.05 x 10

-6
to

EXperimeWt' No. 6C -

A,
EvaluAtiOn of the Effect of Air Resistance

The objective here is to determine Ole!' effect 0 given area

change has on air resistance, and to determine hqw the
coefficients of the resistance equation (Experiment 6B) are
affected. .

2

,r
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VariationS of Experiment 6 can'be introduced by altering-the air resiettinco Of tkw-diac
o

through tho addition of vanes or spoilers to -the .disc,.or adding roughness to the flat surface.

t Such changes would'leffect the air resistance which woUld reveal itself by changes in

Another variation Is to conatruct a disc having the same mals.and same' moment of inertia but

a different diameter. In this way the bearang resistance should remain the !same as for the

firstdisc,buthecausethesurfaceareahaechanged,theair'resistancewill be changed.

In this way the air rbsistance can_ be isolated from thebe g friction.

One meaup of changing the disc area without changin _ss or Apertia is to construct

an annular disc as illustrated in Fig, 6-4. For example, suppose the material of the annular

dlqc has a densit7 2.8 times that of the first (ntee1/a1nminuo0 and edge discs are 1/0 the

thickness of thc.first disc, then.for each value of outer diameter there is a certain Inner

dihmeter.which-will product-discs -with-mass-andinertia-equal-to-a;solid-dise,--Yalues-of-the

inner radius, r
1'

are given for several choices of r
2

in the table.below. The radii are

made dimensionless by,expressing them as the ratio of the radius to that of the plain disc.

Outer and inner radii for annular disc having mass arld inertia of solid
disc of radius R. Radii are given in terms of the ratio to the radius
of the sOid disc,

inner radius outer radius
r1 =

1'2

0.9

0.866 (3/4 area of solid disc)

0.8

0.773

r
1

.795

.723

.514

O. (solid disc of
dense' material)

Notice that it r
2

is .773 times the radius of the firstAisc, the second disc is solid.

Ap annular disc waS constructed.from steel, with an outside diameter of 10.390 inches and an

inher diameter of 8.6,inches. For the solid disc having a diameter of-12 inclics, thi.s cor

responds to an outer radius ratio, r2, ot This results in,the area of the annular ,

disc being 3/4 that of the solid disc.

Values of c(w) aye again determined experimentally and compared 'graphically for the

two discs. Coefficients can then be.obtained for tive second degree equation using. a least

squares criterion, then compared to-those found for -tlhe solid disc-. The question of which.

coefficient in the polynomial is most affected is of importance to evaluate how air resis-

tance contributes to the total torque. The change in resistance can be related empirically

to the face area of the discs.

48
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f,xperiment Nb. 7

['Attic) Friction in Pipe flow

r Tirrnr" \4

In this experiment the ObjeCtive ia to reprodve.the well known

curve of frietIon factors for fluid flow in circular tebes. The

tubes w411 be made from sections of glass tubing,or'cOpper tubing

with short connections for'attaching a manometer,

The test facility

A sketch,of the test set-up is shown in 'Figf'7-1. For this.text, 5/16. coppere-tubing

was used having ae inside diameter of 0.137 in. Pressure taps were located 60 7/16 in.

apart, and there was a section 25 inches"(79 diameters) upstream of the first tap to allow
a

the flow to stabilize and devalop. A section of tubing A-ixtended 10 inches beyond tbe.down-
___ .._. . . ......_. _

stream tap. The taps were connected to a U-tube manometer with an entrapped air blibble as

shown, on whichressure drop was meagured in-centimeters of water. -At the,downetream end,

the water was collectedl'and measured over'a given time interval-- from this.the flow rate
. .

,

could he foued. The tubing was clampedito a table and leveled.

Water.was supplied from a constant head tank. This oan be constructed easily, and

proves to bdia useful'tool in the laboratory. A 5-gallon drufi with an ppen top, such as a
j

paint drum, serves for the tank. A X.,iach diameter overflow,tube extends-through the bottom.

In the tank shown, the tube could be slid to any level by a collat arrai)gement. A threaded

knerled ring was used to Pull a rubber, 0-ring,seal tight ardund the tube; which secured -the
.

ture in.place. Also on the bottom of the tank a tube oonnection was'fastened.for the water

outlet. Water wa& supplied.by a hose having a perforated eleeve over the -ouflet to act as a

baffle. A vertical plate with Openings at the bottom acted as a second baffle to_separate

the disturbances set up by the, inlet flow fromthe overflow, and outlet. Finely a gage

Class was attached to permit observation of the water level in the tank. The tank was ele-

vated on a stand to provide the elevation necessary for flow. Position of the tank oh the

stand cOuld be altered for head changes with fine /idjustments in head made by changing the

height of the overflow pipe.

Test procedure

The level in the constant,,head taek was first established and the manometer reading and

flow per unit time were mease'red. The level was changed to provide a new flow pate, and the

new data recorded. About one minute was allowed to stablize flow before readihgs were made.

Flow was collected for one minute using a stop watch, and the volume was determined by

measuring in a graduate. Water tempeiature was recorded in order to establish the viscosity

of water..

Calculation procedure

Velocity, v, was calcufated as

7. a
'

ft/sec.
A

v,there 0 = volume flow, ft
3
/sec.

"

A = cross sectional-area of tube, ft?

- 51 .---
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Next-the Reynolds number was found

vl)
Re

whore
17

pipe diameter, ft.

kinematic viscosity ft
2
/sec. at the

water temperature
4

Finally the friction factor, f, was found frpm the definition

where h
f

= pressure drop duo to friction, ft.
.

a
_

b length of tube between pressure taps, ft.

acceleration duo to aravitY, 32.2ft/sec
0-' .

and D are as defined above.

7-2

7-3

Friction factor was then plotted agninst the Reynolds number on log-log graph paper,

and the results compared to the Moody diagram found in any elementary text on fluid mechanics

(for example rof, 1.or

Some results

A word should be said about units and~dimensionality, as it is an important educational.

aspect of this experiment. Both the Reynolds number and friction factdr are dimensionless and ,

their important:e should be emphasized.
,

Furthermore the units must be consistent, and in this experiment some conversion has

been necessary. As Q was taken as cc/min. it is necessary to convert it to tt3/sec.

Hence, for the 0.137 in. diameter pipe,

ft3

J

i rl mini
[0.061023i111j

mm cc
a.

1728 in
3

L (7)-0- sec

A 2

[3.1416j [(0.317)2 in2 0.3 It

144 in2

= (0.0010739) Q, ft/sec.

cc
where Q 'has the units (-1.--)min

Re
'vD..

[Q(.0010739)-1L] [0.317 in] 1-1.--.122]

sec 12 it

2

L "v
SCIC

For the water temperature which ranged from 44F to 46r v was token as 1.58 10

ft
2
/sec.

Hence
Re = 1.79545 Q LDimensionlessi

53 -
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Finally the'friction factor is

y
" .10s1.41k

:

e -[hf cm] [2] Q2,2-127
h sec

f-

L.% v 1-60.4375 in-1 r 2ft'r. - 7 -.-- L 6.117 In ''') Ly
2] [30.40 .?"2- ]

D 28 ft.
. sec

hc 1

7-, [0.01108] --i" ,(Dimension1ess)

, v

Calculations were tabulated with thq data as illustrated in the,table below.

Two examples' are given.

fr

Data
-Trial- -2:Pressuire-drop Flow-Rate -Reynolds -----Priction

No. (cm) (cc/min) (ft/sec) No. J factor

10

2.3 596 0.6400 1070 0.0622

3.8 967 1.0304 1736 0,0390

A graph of friction.factor versus Reynolds number was constructed from the results. .

This is FIR. 7-2. Comparison are very good both for the laminar flow range where

64
f = and in the turbulent range. The data compare bost to the results for a pipe

Ro 2
hAving a dimen:Sionless roughness of T = 0.001.

s.

Some modifications

':--,-4" ''," 1..--1,-,-"1:,1

4 . .4 ...i,
-,

Experiment 8 can be modified by adding elbows, or valves to the system and determining

yressure drbp,as a function of the pipe Reynolds number. Tptse can be compared to existing

data.
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Introduction

,

ft J. .4 11 wry .:,1 ' 4

ExperAlent qó.

UnsteadyLEY:ow of a Fluid

The object of this experiment is to predict the time required
to empty a tank of :aqui() and to evaluate the prediction exper-
Pmentaliy.

-1 A

(Note: This chn be perfOrmed a; an experiment wiithout the

analysis if 1 ,is felt that the analysis is tOo difficult.)

rn

Designing systems in ngineering requires application of theoriel4fo predict the

behavior of the system before the; systein i$ actually constructed. It goes without saying

that-reliable-peediations Are essential for auccossful designs.-- Furthermore; it-is much

leas expensive to godify the design on paper than to alter the system after its construe-
-

tion. The objective of this experiment is tb predict the behavior of a system with a

simple theony, then construct the system and evaluate its behavior experimentally. The

system selected is the emptying of a tank of water through a simple piping system. There

are many real situations where tanks of liquid (or gases) are emptied or filled, fon

which this experiment might serve as a model. For example, a rural water supply system,

operating,from a single standpipe might be required to supply water fort em rgencies at a

prescribed rate and for a set time. flow should this standpipe be elevate 7 If a hole

were accidently made in the pressurized cabin of an aircraft at high al itude,lehow long

would it take for the pressure to reach,dangeYously low leve14? This nvolves flow of a

compressible gas which isbeyond the scope of this experiment.

Description of apparatus

The apparatus for the expeiment is illustrated in rig. 8-1. It consists of a

5-gallon tank with an opening in the bottem, to-which is"brazed,a short tube, 3/8 inch

outside diameter. Using Tygon tubing, copper Uubing ahd piping, a simple plumbing system

is added. This can be varied but, in the experiment shown in Fig. 8-1, it consists of a

, 900 turn in the tubing, a 1/4 inch (gate-type) valve, and a 1/4 inch pipe elbow.

Development of the theory .

The tank is set at a presctibed elevation above the piping. It is filled with wate&

to some level and allowed to drain-through the pluibing system. The objective of the

analysis is to predict the,elevation of the sur ce of the water h, as function of time.

Prom this information, it is simple to compute flow rate or_the velocity of discharge.

Bernavlli's equation relates the elevation (head), velocity and presgure in the steaqy

flow of an incompressible fluid without losses due.to friction. Between two stations, 1

and 2 (designated by subscript), the expression can be written

2 2
vl

'v2

hl + 11)1 h2 + Tg 1P2 hT

57
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where

4.

elevation, -ft

v r velocity,- ft/sec

-ost-',$,i,v-1,wrovEY:InTyrrit10.;,.MIlr,;11,`"ThN V5r.r.:;-.1717117-7' '. . -.'., . ..1177711V.7%
", -.',...-. ,.: .:cm, ",,,,,..-"t.% 4., n. ;-- ...i., , + . ) - , 6 F "i5.,c,,,,,

. I.

..., .1 e ti. ' 11

.

. o .'..,4
.11n!...., ..,

ce

. .1. .)..'-,-

2
g aceiblerati,oh dUe-Cd-gravity,' 52.2:ft/sec J..'

..
1., .,. .'

p m static pressure, lbf/ft
2

y "= weight of fluid'pel% cubic foot'
.,. ,,, ....y. ,,_

t' .' ,..14':V,:''-;.;':::'

hi,'.= 'a constant in the flow, called "total. h44444,,

-

The specific weight of the fluid is related to the density by-NewtchislvWPIArr,SyM-g,'
1

,...,. , : , ,

, ' , ,: i, t '' . .
bolically, '

1.

here

.o

= density, _lbm/ft
3

_dimensionless __conversion _factor._
32.2 lbth-ft/lbf-sec

2
. ,*

Notice that the specific-weight is given in lbf/ft3 and has the same magnIQ'a'aS the
_,

density p . For water atroom temperature, we can take, p = 62.1r1hm/ft .

.

A.pract!ical modification to fhe Bernoulli equation is to recognize-that Were_will-

be lossed in a real flow causing the right hand side of eq. (p-1) to be deficient by an

amount, 111, the loss is the flow. Then

1
v
2

2 2
v

h +
2g YP h2 2g 1P2 + h1

St,

t .
F.it2

For the emptying tank, take station 1 as the free surface of water In thank,.-and

station 2 at the point of discharge as shown in Fig. 8-2. Let h
1

= h the ctibilipoè from

the point of discharge to the surface of the water in the tank. FPQM the same,teference,
,.,,- ,L;

h
2

= 0. The pressures on the free surface (p
1

) and at the point of ditwhargely"
,

,
. ..,

are both equal to atmospheric pressure and can be set to zero. Finally, the tanlc,-,diam. .....;.'''',
,

eter is so much larger than the diameter of the jet at discharge that the velocity-60'

the tank surface,' vl, can be.neglected when cOmpared to the disCharge velocity, v2.

Then the irodified Bernoulli eq. (8-2) can be written

v
2

2
= 2g (h-h ) P,- 3

t ^

To bring in the time dependence of h, write the equation for conservation of Matcp

(continLty), 'equating the flow rate from the tank, QT, to the fi rate from the

Q
P

Q = Q

For the tank, the flow rate can be e4pressed as the rate of change of level with time,

where

7

dh IrD
2
dhQ= -- --

T dt
A
T 4 dt

A = the cross sectional area of tanic,'ft
2

D = -the diameter of the tank, ft.

- 59. _
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rrom the pipe, th0 flow rate oan-be related to tbe velocity of discharge, , and

the area of the pip0;, -A' , whicI with eq. (8-3), is
-P

2
Tra

Q NC A v
2
"A -F 2g (h-h,Y.

p - p t, x,

1

0-6

-

where d a the i side diameter of the pipe, ft.,

Equatioris (0-5) and.(0L6) oan be substitund into eq. (8-4) to express the time depend-%

ence of . As, .

-

dt

We now seek an xpression for hji For this, we will use the loss coafficients

C

found ip elementary texts in fluid me.ohanioa for the Oumbing.system. There are: 0 sharp,,.

edge-d-enfeance, a stratOt 'Ape, a ote a'ref;rence

Streeter (1) or'Brenkert (2), these.are
ftv

sharp-edged entrance: ho =- 0.5 v
2
/2g

a pipe of length L: h
t

- f (v
2

2
/2.2) (kid)
.y-

P

gate valve wide open: h
t

= 0.19
,,

.,2

v

900 elbow: h 0.9
2
./2g

it
e *ler

G.

8-8b

8-8c'

8-Od

The value of the'friction factor f in eq. (8-8b) is sjunction of the Velocity of

the flow,the viscosity and density,of the-fluid and the diameter of'the.pipe. For lamipar

flow it can be written as

where

64p
pvd

/11°

= density of the fluid, lbm/ft

v =, velocity, ft/sec

P = viscosity, lbm/sec-ft

d = pipe diameter, ft.

3

8-9

Note: f is dimensionless, and the expression pvd/p- rs the flow Reynolds number, and is

dimensionless. A value -of Reynolds number larger-than 2000 in pipe,flow indicates that the

flow is proba154 turbulent and eq. (8-9) should not be used. Ans'tead, graphical valUe of

f as a function of the Reynolds number g(Relg should be obtained (see,r!!;f./1:or 2).

When these expressions for head losses are substituted into eq. (8), the relult is

. 2

dh d
2

2
v,

7iT = - (h (0,5 + 0.19 + 9.9 + -d- Re)') 8-10
"

For the case of laminar flow, the friction factor,is an easily expressible funtion of

Re, eq. (8-19), making eq.(8-10)

'

dh d
2 v

2

2

L 111.1

dt (h 2g .(1'°9 pv 2d).

eq

4.
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Equation'(8-4I) is difficult to solve because v2 is a function of h_ and appears;in non

linear form.--Cbnsequently).the.aolution-must be.a,numerical one.. A trial value iq_fotmd

for v
2

with ,h -Set to zero in eq:.'7(8-61.

d
2

=,-TT 15-7
r,

a value of h
k

is i'Ound uaing equations (8-8a) thr4igh 878d) and an evaluation of the 1

Reynolds number. The equatiolOe

h = .(1.59 L/d g (Rgl ) 8-12
2g

--An-improved-eatimateOf-the'-velocity-can-:now-be-made-by-using.eq._(8,6) witil_the:d003L__

computed Talue of: ht ,

v2 1/2 g (h-11, )

:At this point,the improved velocity v2
(1) should be compaMd to 'One way is to

ask if

]v2 (1) v71 ,*-c

where c is some small value asigned to test the accuracy of the iteration. If this is
,

.

. (1)
..

not true, the new value c) v
2'

v - , is used in eq,. (8-12) to find a new 11 which-jn'
2 .

. ,..

turn is used in eq.' (8-0 to find an improved value of' v Ithen the iteration Has con7
.

.

dh-
verged, that is Iv

2
(1):: v

2
1.15 c, f.hen eq

,.. (8-10) is solved for
.T1

TT . integration of this
,.

eXPressioan be cariied out'from the initial state by:any'of several methoda including a .

simple technique calTed Euler's Method (see ref. 3). In this.method anew value of h is

found from the expression

h
(1) (0) dh (0)

= h

dh (0)
in thia case h

(0)
is the initial value of h ; is the vane found above; and

'dt -(1)
(St iS some a11 interval of tiple for the next step. Having found h theoprocess

can 'be repeated. ThatAs, a new trial value of v
2

'foun0 h calculaked; an improved
, k . ,

value of v2 calculated; the test Made for conversion; i).teration until the best values
' (2)

are found for v
2

and h '

'

and then Euler's method\applied to-find h Gradually the
.k4

intlgration goes forward until h has reached some preseribed verlue at which tit the-

;comeutation_is terminaied.. Tor each aep in time, the 'velocity and head, (rknown.

It is evident that this is a tedious'calculatidn. If e digitpl covputer is avanable,.

A program can-be written to hJndle this. 'In the discussaion of an actual'experiment, a
co

program w'ritten by students performing this experiment is presented. .

"Experimental proceduPe

%."

)7

When the calculations have,been made, a curve of'head versus tilv can-be const'rueted.,Now, using the apparatus, :the tank can be filled with water-and measur ements of head versus

-

t

c{,

I
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time recorded as the tank is allowed o drain. This can be done using A otop watch and

recording the time when the surface of the water crosses pre-seleetod points on a meter

stick or, collecting the water in a graduate ond measuring'the time necessary to collect

a certain amount of water, then converting this to change in head. For a small diameter

piping systom,\and large tank diameter, the readings' with the watch can be made with

reasonably good accuracy.

Sample results

In the model used by the students, the water level was real in a gage glass which waa

attached to the tank as shown in Fig. 8-1. The.tank was filled with a clamp on the hase.

.At time zerq, the clamp was reMoved and the tank began to-drain while readings were

recorded. Two sets of.readings were made, and first differences were,evaluated to

determine whether the' results'were linear. (First divided differencep ore found as the

difference.between two successive Values of head divided by the time difference between

theni.). As' expected, the first differenees were smaller for higher times than they were

initially. That is.to say, the change in elevation_for a given time change is less for

the smaller head bebause the velocity is less. This curve of the experimental data,

Fig. 8-3, looks very close o a straight line.

In the computer program, the students entered an average yalue- of friction factor,

0.032. This simplified the calculation as it was necessary neither to calculate Reynolds

numbers nor o usp a table look-LIP for evaluating f. This could have introduced error in

tbat the valee of f Wd for this case, with a 62 inch long section of-3/9.inch tubing

was
(62)

( .032) = 5,2,9
(.375)

which was the dominant term in the expression for h . -.Values of-loss factors; diameters;

and a trial value cif velocity were read into the program. The program, Fig: 8-4, is self-

dxplanatory.

The predicted curve shown in rig. 8-3 shows a slower rate of draining than the

measured curve. Possible sources of 4i-rors arc the use .of an average value for f and

the rather large value of e- used in the program. In this case, e = 1. However, the

Nudents'ipppropehte the problem, Ahp, qua.1,,itativeagreementbetween analysis and experi-
.

ment, andAh*reeognition of sources Of error m ade this a worthwhile exercisp. It pro-

vides an oppor6idiffor theory-testing and gives the student -a chance to'relate analysis,

; digita,l computation and experiment in a single exercise.

Modification of the'experiment

Several modifications of this experiment are vossible. For one thing, the p;ping

can be altered in many ways. A system of piping can be employed, and a Single element

110added or removed,, nd the :results coMpared. P articularly interesting is the addition of a

globe valve .to the system. Comparison can be made between the losses with a globe valve

and a gate valve.

FlUids can be changed. Using a glycerine of known4viscosity will provide results

- 6 4 -
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which are quiffs different frOm experiments With water.

The heipt of the tank On be ohanged es can the diameter of the piping to insure
. . _

.terbulent flow.

Using a pressurized tank equipped with a .pressure'gage, the time for a gas to. leave

the tank can be measured. Here, the important term Jr) the tank pressaure expressed as a

funoCion of time. This experiment should include"ae assumption of compressible flow.

Any of these oan be done ae an experiment. without introduction of the analysie

which may be too advanced for some first and second-year students.

Experiment 8A

-The --Effect of Entrance-Geometry

In this experiMent seyeral entrance conditions will be employed
and head losses determined for-the draining of liquid from a
tank.

Introductioe

The previous experiment was modified.to investigate the effect'on thetemp;tying rate

of the tank for several inlet geometries. Three were used. Each is illustrated in rig. 8-5

The first is a liorda mouthplece,,Pig. 8-5b. in the second, the,tube has been lowered to

f5111 a,sharli-edge entrance Fig. 8-5c. The third was a bell-mouthed entrdnee, Fig. 8-5d..

A five-gallon drum was used for the tank with a 114 in. diameter brass tubing. The

tubing entered through a rubber seal fastened to the base of the tank. This is shown in

Fig. 8-5a. The tubing could be pushed through the rubber seal so that the tubing end was
-

set at any Selected distance above the bottom, or flesh with the bottom. A siteill bell-

mouthed entrance was Made of aluminum. It had a 7/8 inch diameter opening at the entrance.

The bottom was recessed fo fit snugly over the end of the brass tubing as shown in

Fig. 8-5e.

Referring back to eq. (8-2) and the analysis that follows, it is apparent that tiles\

-only differeece between the previous case and the present one is that h2 - is not zero,

but is equal to-the- length of the tube. Consequently eq: (8-7) becomes

dh d
2

-72- 1/2g((h-h
2

) - h )

D

As the tube length is fixed, h2 is a constant for all of the experiments.'

The experiment

8-13

The tank was filled to a pre-determined level with wdter. .A nale was fastened

Inside the tank fo provide a measure of the level or the water surface while the lower end

of the tube was closed with a stopper. One of the inlet conditions was established.

Several minutes were allowed to pass for the fluid to come to a quiescent sthte. At a

signal, the stopper was removed and a stop watch started. At a succession ot closely

spaced intervals, the 'time was recorded and, simultaneously, the scale was read to indicate

the llight of the water surface.

_ 66 -
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dh
Plotting h vs. time, the values og. qould be determined for a set of volute of

h. This can be done graphically-or by approximating the derivative In finite difference

form

dh h
(2)

-h
(1)

-
6-1 tp

Mere h and h
(2)

are values of h at two tiMes, separated by a small interval Zt.' (1)

, dh

With d, and D -measured from the experiment, h
l

h and were known; a. calcu-
d .

lotion for h
k

was made from eq. (0-13).

Graphs can be prepared for the several cases of, h vs. t and for ht,vs. h, to

compare the effect of each entrance on losses. When the experiment is run, it will be noted
P /

that a single vortex Is fOrmed which is quite spectacular. Tt becomes apparent that its

presence affects the results, andbetter evaluation of the entrance conditions,can be made

If the vortex Is destroyed. This is possible if several pieces of window screening,are
4

put in the tank dividing the tank Into pie-shaped sections. The screening.should go from

the tank bottom ito above the wzner surface. A modification of the experiment, which is

concerned only with this vort6i-, is presented as, Experiment'8-1L

Sample results

Measurements were made during emptying for a tank having a diameter, P. of 11.13

inches, and a tube having an inside diameters,.:d, of D.,25 inch. Four entrance conditions

were used:

Condition 1. Borda entrance, 6 inches above bage

Condition 2. Borda entance, 3 inches above base

Condition 3. Bell-mouthed entrance, 3 inches above base

Condition 4. Shorp-edged'entrance -- tube moved to a position flushwith the

bottom of tho tank.

Tests were made without screening (vorteit present) and with screens (vortex absent).

Graphs of the head, h, versus time were constructed for each Case. Shown in Fig. 8-6

dh
are conditions 2 and 3 with and'without screens. From these data -if( was approximated

,and the head loss determined. Head loss; h
9,

is shown for conditions 1, 2, 3 and 4 with

screens in Fig. 8-7.

These results indicate that the emptying times arenot appreciably reduapd by tbe

elimination of the vortex. Also indicated is the conclusion that the losses are measurably

less for the rounded entrance than for any of the other entrance conditions.' There is snot
T

a lar,ge difference.omong cases 1, 9 and 4. Erratic behavior in the vO.ues of hi, is due

to diUicuity in Cvalitating the derivative accdrately from the loss-time curves.

It is, probably more useful to plot the h(tad loss in
(7adimensionless form, one Which

coMpensateefor the change n Velocity,with head. Using an expression like the friction.
rlf,.

factor or f has this cha teristic,

"
,

.

h
R,

2
v
28

69

'78

.8-14



_5-OUTLET- PIPE

FIG. 8-8a _SECTION SHOW* WATER
SURFACE IN A VORTEX

r

FIG. 8-8b SECTION SHOWING
DIE, TR ACE/S IN FE ORITEX.

;



(4.
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'

sPf

Here the Oelecity can be defiried 68 an ideal ve1ecii1;4 if losses wera taro,

orvies the measured velocity,
(/`

t v2

7. 114 (h-h2/..

g D
2

dil

2 2 at'
nd d

4.

8-ls

0-16

Examination of eq. (8-16) shows a s-urce or error in is experiment that might be-

excdssive. When.the pipe diameter, d, small eempared.tc the tank diameter, D, the

head is octily measured kn the transient s-it is changing slowly. However, the ratio

D
2
/d

2
is a ver large number and must ba multiplied by a small number, dh/dt, which is.

diffi-eult tO obtain. It iS always-diffiCblt to determine-derivatives-from 4Tta,----ror-a--- --

curve of a given function, the curve of the derivative fa less .Smooth than the curve of the

function, and the integral produces a curve that is smoother than that of the function.

'Errors in data are magnified in differentiation and suppressed in integration. Erse=

quently, for this test, more accurate results might be obtained by measureing Q directly.

this can be done by collecting flow in a graduate for a short 4)eriod;,finding q as the

amount collected per second; and computing v
2-

11
2

nd
2

from the expression

This will be the average velocity over the interval taken to measure the flow.

Equations can then,he left in terms of v2 and the losbes computed as before.

1,

Experiment 88

Study of a Vortex

The o jective is to examine a vortex in a tank being

drained.

As indicated ih\the previous experiment, when fltm was established in the draining

tank, a vortex was forMed. The profile of the water surface is shown in Fig. 8-8a. An

experiment can be dem.r.ise\to study the bei-;.iivior,of this vortex under different flow

conditions, and to trace t'i\le flow thli vortex system.

The tank is filled J.& water, and allowed to settle for ten minutes. Flow is loegun

..
,

by remOng.the plug at .the.bottom of Ihe pipe. It may be found that the N;ortex will not
.

. ,,,x

'ftye.rop:,goon enougil if-the Wei, i.\loo still, and the tank could empty before the vortex
\

iS estOlished.'. A small Swirl can,be, l&lcouraged before draining to induce the vortex.
0 ,

Nod col?)ring pan I.?e,injeted thrp1:8h a long hypodermid tube at different points in,

,,,'

the flow,fid_obs,erve, the ditsectiou of flow
',gi
ar!fferent levels Surface movement can be

,
, ,

déVected '!vorte*.met .ers" Thee ca be cohsti,uctedlrom small bits of paper, with a

-crogoi-1.4001,which Tloat. on the §urfa\-:
. ,

04.
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. Sample results

The,vortox meters will show tho suriace velocity in lho vertex and indicate whether

tile surface flow is "irrotational" or nbt. Tt is found'that the velocity docroasesas one

moves away from the center of the vortex. The motors rotate loss in the regions away from

the wall and not too elosè to the center If there.is no rotation of the meters, lhe flow

I's behaving as an ideal free vortex. Viscous effects cause rotation in lhe irortex which

AL will'cause tho motors to revolve on thoix! bwn axes.

Obseryntion of lho dye tra&s shows Lhe eutire mass to be swirling The dye will be

/-seen to move in along the bottom of lho tank and then spiral upwards along the ouCtot pipe

as shown in Fig. 0-81). When it reaches the inlet., it i8 drawn into lhe tube.

,
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ExpeViment No. 9

ConVeetiOn Heat Transfgar

LI

When an objeot et,one temperature is Smmersed fluid.at another temperature,

heat.'is transferred from or to the objec,t. The mode bf heat traneer is called eoriVOCtiOn.
h -

One measure 04 the rate of oonvective heat transferie the coeffielent 6.:..hekt'transfer,

h. It is defined from Newton's law of (poling as

.a -h (t-t )

-

A o

wtere q' = rate of heat transfer per unit of tiMe

surface_area_of,the object

t . surface temperature of the obje4

t
o

= bulk temperature o: the fluid-

5kvical unit's ot h are Btu/hr-ft
2
-
o
P. Sometimies h is grouped wi0 a fength dJmen-

-76

Sion, L, nd the cOnductivity of the fluid medium, k, to,torm a dimensionless number

called the,Nuaselt number,

Nu
hL

9-1

9- 2

if the object is in a graVltational field, and the fluid moveS ver it-due to gravi-

tational effects, the heat tr7ansfer is described as natural or free convection. For the

same fluid, the rate of heat transfer can be increased by blowing'or pumping the fluid past

the object. This is forced convection. One soon learns that the magnitude of h depends

on the fluid velc;CAty, the geometry of_the object and Add pipperties auch as conductivity,

'k; viscosity, p ; density, p ; And specific heat, c .

In thia series -of experiments we shall determine the coefficient of heat transfer

between a small object and -a fluid :for several situations by means of a transient temperature
, .

measurement. The objects will be small enough with high conductivity (copper or aldminum)

so that we can assume the temperature of the object to be uniform. Let that temperature

of theobject be t. From eq. (9-1), the heat: transfer between the fluid and the surround-

ings is
q = -h A (t-t

o
)

Ihis will be refletted as a change in temperature of the object. For a mass, in, with

specific heal, c .

the rate of heat transfer isit'elated to the time rate of change of

. A

temperature by the equation

/L

.;

dt
mc ---

p di

9-3

where 1. is time.
Ar.

We can now.tcord the temperature history of the object as it is heated or cooled. At any

dt
point in time we can .obtain t and

di

We can obtainl.values of m, c and A for the object and then solve to the coefficient
,

of,heat transfer by equating the (afro expressions for 4,

dt
-

P
(

(71i

A (t-t )
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S.

..

CO he temperaturp',-is then meapured atlt

lastic support an0 i ring tand, the slug is placed in still air with its axis horizontal.

specific'intervals. A better approach is to use a

--

millivOlt recorder such as a Leeds and Northrup Speeettapax" recorder: The chart record gives

a.cuilve ormiTlivolt output Of the thermocouple versus time which can be easily convertech

EN.pgrimilt. VA .4;

.

Determine the Coefficient of Heat Transfer for Natural Convection

In

The object is to determine the coefficient of heat transfer in

natgral coectiel; from-a omaJ1 copper object by making a

transient measurement of the temperature.

The objeot to be tested_ As smdll cylindrical copper plug with a rounded,end. This

is hollowed out and motinted on a plastic support as Phowu,inl'ig.,9-1. Some dimensions &re

given qthe figure. &bedded near the center ef the object is a copper constantin thermo-

oouple witti.the leads carri,ed opt.through.the plastic rod_ For informatidg on thermocouples,

sec ref,. 1 or 2 A diagram of thd\test set-up is vven in rg. 9-2. (For-natural-convection- -

/

eliminate the, air Supply and hot-wire anemometer-)

The cippper slugas first heated:by putting it in a blast of hot air, or immersing it

in boiling wat. 11-wat is used, dry the slug frnfore beginning the teat. Using the

. -

to-temperature vious time. A chart record is shown iii Fig. 9-3. .Air tbmperature is read
,

_

from a sccona ,thermocouple suspended in -the free-air.
s

. .. .

Derivatives of temperature with lime.can -be b4tained from the chart r
,

e-cord and the

ccefficiek of hea,t.ti-ansfer computed at various

Sample-results
k

tor the-copper robe illus.trated with

v .

temperatures aloniNhe-mcooling curve'.

1 .

c = 0.t092 Btu/Ibm-
o
P., the products'

w
mc
____P_ ,, 0.434 Btu/ft

2 o
F.

,g

A

At a-.temperature'of 17f1.13F, the change in'temperature was measlired as 5`)F in 37 seconds-

'from 'the chart. From this:, '-. )
...).., --

.

dt 5 , W
:It: i.,-- -n- va6roo= -486.o

o
F/hr.

- dT .3,7 -

With the air temperature measured.as 78F:the coefficient of heat transfer from eq. (9-4

-is , ..
t

(0,434)(486.5) 72-17L
(171.5 ) 1311- 2.12.,6/hr-ft U

, N .

'Converting 'this to a Nusselt number using'as the charggteristic length the dIalketer of

,

1

/
the copp6r.,slug, 0.75 ini apd k = 0.015 But/t;r-tt-°F',for hir, -. v

- f

Nu-
(2.12) (.75)

'(.9.111) (

.\_
1

,

.--- f
.

,

Curves offNusselt nuffiber versuw-ditemperature can be
developed and the'rbgults compared

to thos'e given in ref. 3 or 4.

75 -
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.Modifloatiene

, In natarel convection-the geometry is an important factor. The,ex perimen* onn be mod-

emified by making the measurements with the axis'verticaX; and the`blunt noSe Pointing downe.

ward. fesoond Slug made of copper but with a diameter of 3/2 inchwars used to evaluetethe"

effect of diameter on the convective heat transfer. Re'eults for h' were about 16 pbreent

higher for the small probe which is about'what wOuld be eXpeeted for free convection from

horizontal cylinders-(ret. 3). To evaluate the offect'of,pr'opereiesTof the 'slug on the

experimental resuj.ts, an aluminum sing cane be made haVing the same dimensions as the large

prohe. Differences between heat transfer for an aluminum.and for the 'topper slug were less

than the observed -ePPC0118 in any given test run...

Tnstead of air, the responsb-bi an ica bath or hot water can be mea-sured: ,This

requiren a recorder4'S obtain the temperpture history as the temperaturotresponse is too

rapid to follow by manually balancing k potentiometer.

ia

Experiment,911

Determintion Akthe Coefficient of Heat Txansferl in raice0 convection

The object is lee determine the heat transfer coefficient
in forced convection by .makingigransient measurement of-
the temperaturk) in a copper objea.

This exiperiment.differs from the former In- that 1:he oll)ect is placed in a stream of

moving "air:, AiOc'en bb supplied by a commercial vacuum cleaner, a woman's hair drier or a

,gen. The object can be heated/or .eooled and put in a stream of unheated air, or it

can be,at reom temperature and placed in a stream of heated air. In any cas e. it wil). be
a I

necessary to measure the temperature ot the air being blown past the object, using a_thermo-

couple suspended in the free air stream. lt is ale() important to be. able to change the
Je

approach,velocity of the air and to measure its speed just ahead 9f the.obj'ect.- Phis

should be done with the object in place, buterfot necessarily during the time that the

temperature record Ls made. A\imple hqr-wire apparatus capable of indicating the magni-

tude orthe air velocity- works 14est17"..-

he slug is brought to some temperature different frOm that-of the air stream. U. is

then pAilced in the stream elle' the thermocouple record made on aNsirip tlart recorder. 'Using

these results to evaluate t and dt/di, eq. (40 is solved for h, and .the Nusselt num- ,

ber ealeelated. Graphs h versus slug temperateme and ,h versus flow velocity can Pe.

made. 'Most uspful are graphs of Nesseit num)er versus the low Reynolds number. Here the
.e

Reynolds number is defined as
-

pvd

- where p = denelthe of the" air, lbm/ft3

=e.P viscosi,ty .of the air, lbm/sec-ft

velocity.of the air, ft/sec

diameter of thp copper lug, ft

.

"Dimensiolefeas correlalions can then be madeehAing the form
s

fr

,

Re

Nu e'' A (Re)m

7 77 .T
-s_
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where A end. m are* constants found from the plOt.

Sample roaults
MI

The test .set-up 1. h7own in pg. . Air was suppli d from a vacuum eleanar

exhauSt, with tha sliatt of the m-otor controlled,with-a Varia The spted of the blower

was met and the air vels ity and temperature measured tt the.p nt where the slug wasto

be placed. The slqg wa heated in boflift water, withdrawn, dri and set in plae yith

a ring-stand support. lt wa, positioned with its axis parallel t the air stream as shown 1.

in rig..9-2. The Lbirn temperature record was made as Acme in Experiaent 6A.

Results were computed from the records 'and graphs made.of h.-vs. teiliporature,and
_ . .

h vs. velocity for velocities ranging from 1000 ft/min to 2500 ft/min. Nusselt nuMbersi

were plotted against Reynolds numberS on log-log graph,paper for several temperatui-e0, as m

shown in rig. 9-4. tt is apparent that the effeet of velocity is more important. than the

effect of slug temperAtum on the heat. transfer. Tests were run fibr the lqrge and small

copper (3/4 inch diameter) (1/2 inch diameter) slugs, and the results correlated for a

range of ReynOds numbers from 3000 to 10600; asfollows:'

0 .

ror the small probe, Nu = 0444 Re
.60i

0.'669
ror the leirge probes, Nu =1.15,1 Re

Modific-ations

One obvious change -is to place the probe so its axis is normal to 34e air velocity.

Another modification is to induce,turbulence ahead-of the object by placing ayire cross-

wise to the flow. In a series of experiments using the large copper slug; (in increase of

five to ten percent was measured in the heilt transfer coefficient.with the tripping wire

cr6tini turbuleyce.

Both Experi:lients 9A and 9B offer an opportunity to consider and; whenever possible,

evaluate sources of expeuimental error.
r

/Referenes

Schenck, H:, Theories of Eqgineering_Experimentation, Mitraw-Hill, New York, Neu York
(1960), pp. .9ir100.

Beckwith,. T. G. and' N. L. Buck-, Mechanical Measurements,,Addison-Wesley, Reading,
Mass.. (1969), pp.463-470.

3. McAdams, W., Heat Transmkpsion,,3rd Ed., McGraw-Hill, New York, New York (.1954),
pp. 176-177.

II Rohsenow, W. M. and. H. Y. Choi, Heal, Ma'ss and Momentum Transfer,,Prentice Hall,
Englewood Cliffs., New Jersey. (1961), p. 206.
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Experiment No.,10

The Magnus threat*

The objective is to determine the effect of
rotation on the teajeetory of a.cyllndrical body

moving through air.
40

e ,
..

It Is well known that the trajectory of,a spinning hall or gylindrical rotor le dinlad...,0

A curve thrown by a baseball pitoher im one example. The spin of the object sets up" prospure

forces normal to the flight of the object: These forces cause the path to cur44/45. This is

_ called the.Magnue effect. ,
The Flettner rotor ship was designed to utilize thie prtAPiple'

. _ .... . :

as a means of tiropulsion (ref. 1). A simple experiment can bo performed to illustrate 7011i

phenomenon and evaluate ttj3 influence.

Experimental-model

Il

The model was a simple cardboar tube such as used for a paper towel
.,

In this case, the roll was 11/2 inches in diameter ana 4 inches long.

,was cemented to"each end. These were cardboard, 3 inches in diameter

oreetoilet papei,

A ciyculAr'disc

and 0.025 inch kick.

They were used to mark the flight . The assembly is showTh in Fig. 10-1.

,Propulsion.of the tube was accomplished by using nine rubber bands tie&-together.

'.These were attached to a string 58 Inches long. The tube was weapped with the strfhg and
Y 4

placlJmorizontally on the table. The string Was connected to the rubber bends wh12h'were

stretched as shown in Fig. 10-2. Wien the 16be was released, the banas pulled the String

forward giving

the fli,ght.

r

the tube spin and forward velocity. A little practice is necessary to gontrO4

Experimental procedure
4IP

It.was necessary to heghble to measure the position ef the object asei function of time,

to deterry.no the trajectory, velcity and rate of spin. A Strobotac might baused. The

technique used in this experiment'was to ignite a corner of one' of the circular discs before

starting the,flight.'-BY\photographing-the-ght on a eingle exposure, the trajectory as

well as,the spi,n cap be regorded. Photographs made in this.way are sliown in Fig. 10-3.

These were m'ade on Polaroid 3000 film using a Speed Graphic camera with e lees opening of

yhe shutter was held open from 1 secondibdfore flight mail after the flight: was yom-

pleted. Photographs were made in Neekened room With the camera 15 feet from the.flight'

path. To record time, a vibrating .r4locl was.used, formed b3Nastening a cardboard flak on
A .

the end of a,steel bar which Passed in front of the lens. Shown_in Fig: 10-4, this caused
%

,

the_dark regions on the
%

the.lens, andvibrefted

photographed to give a

photograph of 1,11eajectory. The flag As Weed two inches from

etC. Ole rate of 3.8 tieies per second. 'A scal;ee in the flight plane was
, 4

*
,

scale of length to'the photographs. It is important.that Ole flight .

- be Confined to a plane parallel. to

10-3b thah in

the film surfact?., This Is'accomplished better in
, ±

I) :k, 6...;

ele
*Suggested by 'Pp.1?:fesborq,loyd T.refethen, Dept. of Mechanic 1 Engineering, Tufts Univcrsi

Medford, Massi use-as. , r
,q 1,

s.

61
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Analyais of d4ta and sample. results
2.

From the phtztographsthe velooityYangle of ti-ajectory

measured.. This was done for eaoh of the time segmentd, wh;idh

n

and rate of spin. could ) e

were of 5/la seconds derhqon.

lt was noted that while v_elocity was slowed during flight, t6 ratq ok

appreciably. Thelvariables are the spin rate, N;. t'heAvelocity. arlong

distance along the;path, 3; the angular velocity of spin, to;. ihe

the trajectory, 0; ,and 1he tme, Several interesting graphand

made for combinations of these. Of most Ciatecitat ceeffici

defined as the ratio of the orce normal to thFi trajectory, (the lift)

2
force equivalent to the dynamic presSure, ;pv /2g . Using the project

o

der to relate pressure and force,

-where

It Js necessary-to compute

'Fig, l0-5. The lift force

causing centifUgal and tangnatial

,tial force is Areig. and does ,not

trifugal force" term

(2 r9).
go

1 tube length,

tube radius,

= air density,

ft

ft .

lbm/ft
3

spin did,not'gbange

th0 peth,_.v; -the

angular direction,of.

cross,-plots c&n be

ent C This .is*

L, 4 161-1*.by, the

ed area :40W the cylin-

v velocity determined"from photographs,, ft/sec

g
o

= eonyersion factor, 32.2 lbm-ft/lbf-sec-,

thelift force:from the ,phot;ographs., -Consider the akete#,

is hOrmal to the,trajectqry. Acting on.the bedlt arethe forces

accpleration 'and the.weight force, ). The tat-igen-
. .

contribute o the lift. 'Hence, lift is equal to7the

tha pompaNnt 0:weight in the direction oflift; or

wher4

4

The angle b cah be mea ured' from

To find thl radius of
1.

-2
mm m g

cos 0,

goR go ,

Mk, = the mass of the roll,.lbm
, .,. . . .

0 \r (KIfiaed in Fig. 10-5'
\ -:. ,

--7z \the acceler4tion due to gravity, ft/sec
2.

tpss conversion factor., , 32.2 lbm-ft/lbf-sec2-
.

R the radi6s of curvature defin In 14.f0-5, ft.
.1. .1

equivalent...the pOiograph'using 7a drafting machine or

curvature, reeall.-

6S ,

R

ós
To- can be feun4 by

differdnce approximatioUifrom

' The apprOximatioh to the de-rivative

1/ersu6. 0, of' using, a Onite

cath and

r011er'det,ermined, lift Ean be

taking tangents to,a

meaSUremoints

10-3

414;/4 of S

,S1W)d

determined:froM the'photographs:44 clscried, and-the masd-ef4the poker

(10,-2): Measuring 1 r, and

.,

4 N,

cemputed from eq,

A
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4

obtaining the proper value for p, the lifl coefficient can i found from 04. (10-1). '

Relation can be investigated between lift coeffi$ifeit and a tangentiairvelocity

Reynolds number,- or kapin velocity Reynolds numbOr'by graphing the reaults Since the lift
../4

is related to the circulation, it can be demonetrated thdla relationship.eists bettftbn the

jift and the ratiO of silin velocity,-Jo_r, to tangential velocitY,_-v 114re w1/4 Is thel--

spin rate of the tube, radians per second, and .r, is the tube radius. This result is given

by Prandtl, ref. 2.

The lift coefficient 'WAS plotted'against. mr/v and compared to!the-result in reference

2 for tubes with disci-On the ends. These'curves,appear in fig. 1Q-6..- Thp results of the

experiment are i,v(rery good agreement with the curves from Prandti.

_

Referenyes

1. Streeter, V. L., Fluid Mechanics,. McGraw-Hi 1, New York, New York (A971), p. 426.

A
2. frandtl, L. and 4..G. TietjenS, Atillietnechanjos, Dover Publications,

New York, New'York (1934), pp:84-85. '
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Experiment No, 11
4

The ArchiMedes Screw Pun)
. .

-The objective Is to inveatigate the principle of

the ArObiMedes Screw and to;evaluate ita perform-

ance as a pump._

Archimedes (287-212 B.C.) is usually credited with inventing the water screw pUmp

which bears his name (ref. 1).. A relatively simple model can be.constructed by wrapping, .

transparent, flexible plastid tubing fn aspiral around aloylinder as shown in Fig. 11-1."

The tubing is open at bath ends, with one end in a tank of water." Water is carried up the

tubing as the cylinder is rotated. In each coil, the water is trapped at i'he 6ottoni, and

moves up the spiral because gravitation keeps it frbm.being carried over the loop.

'Performance variables I.. t t I ,

It is evident that, if the angle of the 4haft, tx, is made.tob large,-depending upon

the angle of the:spiral, 0, 'the water in.the spiral would run out and the flow rate would

be zero.,,This would occur when ong leg of the spiral became horizontal, or a = 90 - Op

Deeigh variables include: angle of elevation, a; 'helix angle 0; tubing diameter;

diameter Of the helix (shaft diameter4; and length of Spiral. Operating variables elfe:

depth.of liquid 1.1\-64.tank, shaft sOlsted, properties of liquid.such as viscosity. -Experi-

.ments can be developeA around any of these Variables.- Aa one normally builds a single
-

system, the tube diameter, shaft diameter.ind lerigth.are fixed, but it is simple to change

-

elevation angle or.helix angle.

Performance parameters include the. yolumetric'pumping rate, Q; the volumetric

e.fficiency, nn, '' and the pumping efficiency .n .
Pumping raie is easily measured by

collecting liqufd over a given time span: Volumetric efficiency is the ratio'of volume'

actUtilly pumped, dividedtby a maximum displadement. Maximum displacement differs depending

uppn the velocity f the pump. ,If the velocity were very slow, the tube would fill to the

level of the water,in the tank; that is, everything'in the angle 2N-0 illustrated in

Fig. 11-2. Ws is called static flow volume. When the tube is rotated, the maxiimim yolume

is equal to the volume .swept out by the mouth of the tube. If tile last turn of the helix'

were at 900 to thlwaxis of rotation, these two would be the same. As it usually isn't the ..

swept-out volume Qmax is related to 0 and the he14,x angle, 0, as

Qmax
= A

o
+ r)(2n-6)j w cos0 11-1

where r = tube radius

4

R = shaft radius
2

A
o

= open area of tube: lir,

w t angular.velocity'of shaft

0 and 6 are define'd above.

4

Then the volumetric,efficlency is'

n
v

= Q/Q
11-2

max
1

The pumping efficiency, n
'

iokis the rat of.the work done to raise the water to the

P
work required to drive the screw, or

89
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v4:trow.1. -9'71;--3311411e111!eiri'fwviKkef,.7.,-ri ,

211n )
P -W o

W.71141,7,6'11.

p, og° density of lidquid, Ibm/ft
3

. ,

g gravitational acceleratIon,'It/sec2

g
o

= conveesion factor,. 32.2 lbm-ft/lbf-sec
2

Q ,= flow4r'ate, ft3/Min

h, = total lift or vertical distance from water
surface to shaft centerline at point of

delivery, ft.'

W = work, lbf-ft/min.

11-3

4

_ . - , . _

, In order to compute .n
'

it is necessary to measure the work In addition to Q.

P
One Method would require converting the motor to aNdynamometer. To do this, the motor

is supported in'irrings'so the casing is free to revolve,/-as shown in Fig. 11-3 (see

also riaf. 2). It is cOnstrained by a spring scale fastened to an arm on the casing.

,The torque required 'to drive the moor pulley is the product of the net force on the

spring scale, F, and the arm length, X. For the scale to indicate net force, A is

necessary to counterbalance the atatic torque due to the wnight of the arm. The net work,

2 W, is then 3

where -N is the motor speed in rpm. , With'units bf k in feet And r in lbf,,units or

W are ft-lbf/min as required in eq. (11-3). Losses due to the drive system will be

included in W measured this way. Other methods of obtaining W mielt include using a

transmission dynamometer (ref. 3). This requires using a pulley with "elasUc beams" for

jhe spokes. Using strain gages faitened tO the spokes, the output of the str'ain gages

can be calibr'ated against torque. Measuring pulley speed, the viork can 'be found using

e. (11-4). 'A crude estimate of\work migh't be obtained by driving the system through 2

lowering weightg. Speed contrOl is lost-this way ahd. results may be inaceuratp unless

kinetic energy af weights and.system is accounted for.
4

= 2rINFI

The experiment %

A test set-up was tuilt like that 'shown in Fig'. 11-1. The shaft was 42 inches long
41

and 31/2 inches in diameter with 1/2 inch diameter plastic tubing. Ball and socket joints

were used to support the bearings. The bottom-bearing was able'to carry'the thrust lvd .

kecause of the flexible joints, the angle a could Be changed. Drive was through a

V-belt, using,an A.C. motor controlled wi4h a Variac. Water was used and collected to

determine flow i,ate. Water was supplied to the tank at a rate to keep the level constant:

Tests were run changing variables of shaft angle, a; .depth.of water in the supply tank;
f

and S'haft speed. Analyses were developed tO determine volumetric efficiency and pumping

efficiency. Numerous interesting questIpns can be developed concerning the operation of

this 'device. Does it work if the end'A'the tubing is completely submerged? How ,does

viscosity affect performance? What causes the work losses?,

91 -
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I.

Sample results

In Fig. 11-4, a graph is shoi Wn of the f101 rate versus speed for a numbv of operating
..

depths in the supply tank. Tests were made at various speeds for a fixed tank depth. The
.8. , .

water_lakel was changed and the tests repeated. Results can be graphed for n.
v

abd- n
P

against speed,-tank depth or inclination 8. cc. Prom the results given here, the students con-
,

cluded hat for an inclination of. et= 400, optimum shaft speed was 245 rpm with enough water

to cover one-half of fhe first coil of the helix.
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Experiment No. 12

A Solar Water Pump

The objective is to design,"Nbuild and evaluate the. per-

.
formapceOf:is model solarvater'pump.

Operating Principle

In rellons where power sources are not available but There is much sunlight, one;seeka

to utilize solar.energy to accomplish useful tasks. One proposal is a water pump using

solar energy. Its principle is to use the expansion and contraction of a confined iClume

-of air to pump wateri-energy for the process coming from splar_radiatiOn.

4r
The system is show in Fig. 12-1. A sealed volume is connected to a water source, and

a water delivery line. A is trapped between the water surface and a sealed cover plate.

The plate'is the radiatIon receiver. It must have a surface which absorbs solar' radiation

efficiently and it must conduct this.energy into the air bubble. Heating or cooling the air

will cause the pressure to rise or fall.

The operation can be described by a cycle. Solar radiatiOn raises the air temperature

at constant volume. This is shown as process 1-2 on the pressure volume diagram far the air

12-2).. At some pressure,: p2, 'a one-way'check valve in the delivery 1 is forced

open and the air expands, forcing the water through the delivery line to the storage tank.

A second check valve in the suction line prevents water flowing back through that lille./As

the delivery head, h
2'

id essentially constant, this process,'2-3 in the cycle, is ideally

at con stant piessure, p2. At point 3, the air is cooled. This could TA done naturally by

done more frequently if rme of the

At any rate, 'the Presure will drop

3-4; will be at constest volume:-

waiting until night, or shading the surface. It Couldvbe

water from the tank were allowed to flow ovprethe-plate.

during cooling, and with both valves cldbed, the process,

When the pressure, p
1'

is reached, the suction-line valve will be opened and water will be

11
4-

, I .

drawn into the pump chamber. As suction head, h is constant, the proceas, 4-1," will
1, . .

ideally be at Constant pressure. Atmospheric pressure would normally lie between p
1

and

p, as shown in rig. 1272.

There are several performa%ce quantities of intereat. In the actual device, the vol-
.

umetric flow rate, -Q,' the total head developed, h
1

+ h
2'

apd the working efficiency n
P

are important. A thermodynamic cycle analysis can be developed* evaluate 'the thermodynamic

efficiency for an iaeal machine. This we call n and it can be shown to be a function of

the pressure ratio, p2/pi and the temperature ratio, T3/Ti. These temperature are the

- maximum and militum'attained in the cycle and are expressed as absolute,temperatures.

'Cycle analysis

.

To develop the cycle'efficiency, we require the following concepts:

1. Assume the trapped air obeys the gas day.'

a - consta4
T

where p, V and T are pressure, volume and
4

temperature respectively.
- 951,-
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1

'

f
r

g

2. Work ione by a gas during a constant pressure process

between states -W and B is
-

p (lin 1/..... t
0 p nv ,%, :*.0.- 4c, 77W7 A,

, '3: Work done by a,gas during the constant volume.PrO044
rw is zero. % 4,

4. Meat transferrad-ito_the gas in.a:clanstent pxe iijecha,ng.

from A- to B46 is .,H .v" , e p v

s 1

A

6.
equals the kummation of the'heit transfer., %

7. The cycle efficiency is the ratio of the wOrk-dondt-'

divided by'the heat transferi,ed. into theil0s,

or
Work

A

H = c (T
. P P .;15 A

)
,

Where c is spdafic heat- at eonstant preSeure;*
R

r v . -,

S. Meat transferred in 0 conatant vplume change; li "10-

a ._.
.

,--H g-..c -(T----T-)--- !-------,;,- ,vB A
.

-,..

: . ,. .

x wheie
.

c
v

,is'specific heat at cOnstantvolum4
; . ..

6.' For kthermbdynamic cy'cle, the summetio0.0,thaw4.01W

V.

ta

ni. 1iI . .

, .. , , .
,:;,--.-11,..;...

As -61e net work can bd expressed.as thdheat.4.ansferi7ed

'into the gas minus the .hdAt transfer froe4ha,:gás, M- ,'
,

..g.
the effrciency can.be written as-, F

o

-r

ni .= 1 - fl--,
_ v..',.

-

12-6

.-,
.

The het work of the cycle can be expressed with eq. (1272). Defining this quantity

As. W.,' the met workNis done-along paths 2-3 and 4-1 in Fig,!).2-2. Hence,
1

.6

12-2

r r12 -3-

,
s

1274

, 12-5

noting

In terms
.r

W
i 7

p
2

(V
3
= V

2
) p (V = V

I 1 4
,

. V
3

- V
2

= V
4 1

V = 6V, this becomes'
,

,
,

,

."..
W.

= (P2 pl

e'

) 6/1' ,..;.

.,

of th.pultp head,.
1'

D = p h
'2 a g

o
2

P1

12-8

Pa
h
1

where p
a

= atmospheric pressure, lbf/ft

= density of_liquid,pumped, lbm/ft3_
,

- g-= acceleration Aue.to gravity, ft/
, .

.

t _
2

g6
= 'mass conversion factor, 32,2 lbm- -sec

,.
., . , 1 $ .

and ,h
1

and h
2

are suction and pumping head, ft.
' , . ,

I.

.

To express efficipnty we Can evaluate HI and H . Heat is transferred,into ihe

cycle',
Y_.. ,

.o

'alongppoths,1-2 (constant Voltme) pnd 2-3 (constant pessure).
.0

- 97
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. c

(T T +) c (T,HI'
p 2 1 v a 2

Helat is rejected (transferred from the air) al6ng paths 3-4 and 4- . The abiolute value
/

of H is
o

.

,

,

H
o

= c .(T T ) + 6 (T T ) ; ...

v.. .3. if / p: Y' _1
.

/
s /

Putting Plese expreefiions in the effiiiency eq, (12-6) .

cv (T3 -14) + cp (T4 - T1)

1:0 c )
v 2 1 .p 3 . 4

12-9 ,

- 12-1p

After some algebraio mniiulatic,i and,expregsitig cp/cv = k, this equation Becomes

a

1 3
t k (---T .TT

2 3 2

1)]

t2 -.3
T21,1T'

_T
1
r k ir- (1Tl

1

12-1A

1,7712

Now we'din define two cycle parameters which are important. These are the pressure ratio,
t'

12=13
PR P2 /P1

and the temperature ratio,

T
R

= T
3
1T

1
.

In addition, noting that

T
3.

equation (12-12) becomes

T
R

T
1

12 P
R

TR P T

13 R
R

TR PR

n . TB'

R
1 + k 13, ( 'P2'1 7 1)]

R R

,

Vump capacity is important. and related to the volume change 6V. Applying,the gas

law, eq. (1-1), to the constant pressure change, 2-3, we can write,

C.

12-15

12-16 -

,

13 V
3 .6V 12-17

2
T
2

=. 1 +

1 s

Using the expression, eq. (12-15) for /T
2'

(Sy
T
R

1
1

An expression for efficiency can be developed in.terms of 6V/V1 and PR by sUbstituting

eq. (1218) into ei. (12-16).. So we-have expressed the important performasce parameters for

thethermodynamicoycle,11.and floW (6V/V1) in terms of-two dimensionless ratios TR

, and P.
,

- 99 - Jr
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1

A series of ealculationa was made to eveduate the cycle efffilciSricy in terma of Tit

and' P
R

usink eq. (12-16). Calculations were made-for three temperature ratios, 1.1,-

1.25 and 1.50: It is doubtful that temperature ratios larger than.1.5 are attainable;

,Curves Are shown in,Fig..12-3. It is apparent that the efficiency is zero foOft zero pres-

sure rAtiol Efficiency is also,zero when the pressure ratio equals the temperature ratio.

At this time, the temperature at .2 has reached the valtie at 3 so no;constant presalire 000aSS

is possible. The cycle is.completed,by returning to point'l along path,2-1 Within() work
-

:beingaccomplished.Contequeisapressureratio,whiAgivesawell_defined max-

imum for .cycle'efficiency toi, any given ratiO of temperatureo. It wo0.d be wel to design

fOr that.condition:

The-test -moZ141

A model system can be built'and tested. One is shown'in'Fig, 12-4. I .dohsisted of.

a steel tank 18 inches in diameter having a capacity Of 3 gallons. A delive,y_tube.and
a ,

suction tube were brazed into the bottom. These were 1/4 inch diameter cop er. .0ne-way
*

check velvet were installed in each line. The top plate was pf 1/8,inch th ck aluminum,

held in place with 38 bolts. A rubber ring.gasket was::used to seal the pl e and tank.

Gasket cement was applied to insure a good seal. ,The tank was checked for leaks-by blowing *

air into it whIle it was submerged in water. The suction pipe was put in one-gallon
,

jug Of water and the system was primed. ,.
.,.

As a heat source, two 375-watt "heat" lamps were used, p1aced'a few inches from the "r

t ry

top surface of the plate. The plate- surface was"given a dull black cdati g. ThermocOuples

were located in the air space and in the water belàw.

'Cycllng Was accomplished by turning the lights off for cooling. Th !delivery h''eld 4as. ,

adjusted so that the system pumped water, and the cycling begun. The tw lights made pos-
u

sible a maximum temperature of over 200F for the air, which was reached'..J1 35. minutes.

Although a higher temperature.might have been rea6ed, the temperature 41-d begun to level

:off; and this point was selected as point 3 (lights off). This can be s en in Fig. 12-5.

The test

It required at least one cycierto have repeatable results. During.each cycle, the

water was collected and measured at the delivery, gnd the ambunt-taken in,during suction wat

noted. Temperatures of the air were recorded every minute, and for.the wAter every five

. minutes. Cycle time was.70,minutes, with 35 minutes for heatir. 'Times wore marked at

valve openings and closings, Results for twp cycles are show<"in Fig. 124. Here tempera-
.

ture histories are given for the air and water. Along the bottom are noted the events. taking

4/e
place. "H" stands for heating and "C" for cooling. Numbers correspond\to states in the

ideal cycle.

SamEle results

For the test described above, some measurements were:

tank vOlume

water volume

air volume

- 101 -

3 gal. or 11,353 ml.

4216'ml.

7137 ml.

113
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r

41'1 't
:4 .) . .

.
,

)
r'moo eirie4erature

, .

Alum* pumped per cycle
(averagO)

.

.. .

,H4144, 42

Heaci' hl

.

).

AtTnoaph*34,0 pressureu

From these data we con determine pressures (p62.4-1m/et
3
) from eq. 114 -8)1.

ft

4
32.2

..p?. = 29.65 (.491) + 62:4.(82.2) DT.

a 14.66 0.22 v 14.88 peat%

iAMMSNIOIMUNQWWWVUTr*..0;,,
t;.pqrof.:,,,70Y4t1;-7F7' Atjt

in.

lOjn.

2.8.85 in 1.47

'32.2

,1
v i4,85 62.14 (3T1-4 12 144)- 14 " "

14,88
Therefore ,PR i4.30 = 1.041

4111

From the tItet (Fig. 12-5), T
3

207 +.460 v 667 R end:

T
1

73 + 460, = 533R

T
R

667 = 1.251
538

- ----

.41?!

From the_curve (Fig. 12-3), the ideal cycle would be expected to 'have an efficiency of 1.2%.

In this'-test, the heat flux to the plate was not ,measured, so no comparison could be made.

Using eq.
-7) ,

(12-18)i the flow per cycle for the ideal case can be determined as

1 = 0.202.
,1,2,;4;14'4,941

In the pctual c .i:tho volume of water-pumped (wilich equals the vblume changesof air) was

1040,mi. For an original ait-volvme of 7137 ml.,

(ST =
1046

, )
...-'..

'
7137

=..., , ,'.,-- Test.
...; :4 *

This is som45i4nat less than the pOWIcted value.

Work and 'efficiency
A c
4 2

For the model, or prototypelnlelp,W10. ngtual. useful work, W, can be expressed in

'terms of the flow per cycle, and the headO,or

Q 2E4 + h ) ft-ibf/cycle
g
o

1 2

For a measured initial air volume, VA, Q is related to the vOlumetric.ratio as

v

,,. ..- The hnergy supplie'd to the Ipevice per cycle, E, must be measured from the incident

1

,..-e'diation on the surtaceN For a lamp sourte this might be difficult to get. For a solar

s urce, tabular values, are available for
.

radiation from the sun normal to the sun's rays

for. varipus latitudes and seasons. An average value of 425 Btu/hr can be used. Knowing,

/

6v

12-19
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'1'4. *e.,,
1,

SI

the angle of inclinatioh petweeh a normal to ,the plate and'the sun (a) the radiation

reeeiyed peer cycle is

HR '(Area of plate) (Solar radiation) 006 a (dt)

' where St is the hour fraion_for heating.

#
12-20

While it is doubtfhat solar i%adiation on' the plate could be as'intense as that

'from the lamp, let's make 40 estimate of pump efficiency assuming that the sun's radiation

pUpplied the energy in th4 st.described. Pump effleiencY will be defined
, s\

.4010! TV
P \

The volume pumped per 6yCle

Q =- 40 mk/28316,mt/f0

From eq. (12-19)

0,037 ft3

07 (
4 62.4.32.2)

( + ,833)
32:2-

3.004 t-lfb/cycle or

31.08 lbf
778 ft-N.bf/Btu

0.0039_3tu/cycle

as

12-21

A§suming the snn!s inclinatipn as 45 ',",.enci noting the heating cycle took 35 mitnites, then

fl 425 (cos 45)(
, ,35,

from eq. (12-20)

Finally, from eq.

310 BtU/cycle.

(12-21), the actual efficiency is,
4

.0039n
310

0.001%

This is considerably les's than predicted by th0 Ahermodynamic'analysis. There are. losses

due to heat transfer to the environment from the plate and from the air to the water. While

the temperattTe rise of the water'was small, it must be remembered that the heat capacity

is very large compared to the air. A flexible' partition with thermal insuTating properties

ceuld be used to separate the air and watel4 thereby.reducing this loss: In spite of the

low ideal efficiency and,the even lower actual-effIciency, these are not critical when you

- consider that the energy is\"free".

Modifications

Tests can be ma'de to evaluate design variables such as:

a. Changing surface characteristics of the plate,

b. varying the initial air/water volume,

c. varying the delivery head h
2

or the iuction head

d. evaluating the effect of.water cooling on the surface,

e. testing under actual conditions (solar radiations).

1 6*
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Experiment-No.' 13.-

_IllitrasoacAleS;rinination of listetial Properties

prepared by'llobect Greif
Associate Professor Of Meotranicai ,Engineering

Tufts University

/

The Object of this xperiment is to_Uee ultrasonic wave:D.:to .

determine properties of engineering'materials in an efficient

and eicurate manner.
/ .

,

I

IiitroduotiOn
_ .

#:
*:t

4a

clombined so that common viaterial propertiea an be fOund -experimentally. Tests are performed

by transmitting shgrt bursts of high freque ci"<ribrations (ultrasonic Wailte trilins) into meter- LI

:!

ial specimens and making calculations b d on the measured times between reflections. Since, .

the specimen length i known, these tle intervals may be easily converterto wave-ipeed; the

relations between wave speed and material properties are tha used to find results. Typical

material properiies determined in this manner by students are Young's modulupshear thodulus, 7,, tsi-

. .
In this work, some elementary concepts .ip_eave.proPagetion and elastitity theory_ara

. c,

sk41

ta)

and Poisson's ratio and their respective variation with temperature.

Nomenclature

Basic principles

43-

Ybung's modulus

shear modulus (= E/2(1+V) for isotrdpic materials)

i'oisson's r-atio

mass density

It" length of specimen

t
o

round trip transit time for extensional wave

t
s

round trip transit time for torsional, wave

C. v elocity of extensional waves

40e

A

The basic principles of ultrasonics invol e using an ultrasonic.transducer to convert

electrical energy to acoustical or vibrational. energy (ref. 1-3). In the experiments to be

described,:the reverse process is also usecl, i.e. conversion of vibrational energy to elec-

trical energy. Ultrasonic waves are usually defined as h' frequency waves above the limit

of human hearing,.r.e. above 16,000 Hel,tz (cycles per se na). The frequency range generally

used in'practical ultrasonic equipment ranges from 20 k -(kilohertz) to 25 MHz(megahertz).

Two typical.methods used to generate ultrasonic waves involve'the piezoeldctric effect andW.. a

the magnetostrictive effect.

Piezoelectric transducers make use of the fact that a varying'electric field can 4xpand

and contract certain crystalline materials. Some typical materials that exhibit this peizo-

electric effect are quartz, barium titanate, lead zirconate titanate, lead metaniobate, and

r 4

- 105 -
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lithium sulphate. Applyingat voltage across a pigzoelectric material will lend to a thick-
.

ness variation proportionalitOdIthe voltage variation. Conversely, applying a force of a

certain frequency to this piede.1.411 generate a voltage of the same frequency.

Magnetostrictive transducer* make use of thetfact that a varying magnetic field can

expand and contract certain ferroMagnetic and ferrimagnetic materials. Some typical materials

. that exiiibit this magnetostrictive effect are nickel, remendur, and permendur. This effect

can be reversed; a mechanical stress applied to a magnetostrictive material causes a change'

fo'

in intensity of magne ization.' 40.

In a typical ult sonic,applicatiOnutilizing the pulse echo technique, waves of a

oertain frequeny are usually yroduced in either of two }lays; in the first meth-od, the fre-,
'

--&-
quency of the'iapplied eleétrical current is bet at 4e desired Itvel while in the se'cohd

_

methoi a shock pulse is used, with the frequency then determined by the resonant characferis-
.

tics of the tranqducer. Typically, the transducer is driven for a short period of time

resultiag in a short burst of ultrasonic waves. The pulse travels.through the material to

theiscopposite boundary and is reflected back to the source as an echo (Fig. 13-1).. After the

transducer has transmitted the short burst of waves, ft then acts as a receiver for the

returning echoes. The echo signals are then amplified and displayed on an oscilloscope so
/

that the time interval between two sucpessive echoes can be measured accurately.*

Experiment

The object of the experiment is to obtain material properties for eng-ineering materials

using loWcost ultrasonic accessories. A typical experiment that will atisfy these require-
s,'

ments involves the pulse echo method for thin wire specimens (ref. 4), as shown in Fig.(13-2).

The tiltrasonib equipment that a typical laboratory would require are .a pulse generator and

an ultrasonic transducer; the total cost of these items can be purchased tor less than $600.

For example, this equipment can be purchased from Pdnametrics (Waltham, Mass.) as follows:

$395 for the pulse generator'("Panapulsex") and $195) for the ultrasonic transducer ("Modulus
aft 0

Transducer"). teneral purpose,pulse generators are also available from manufactnrers'i.i'Ueh as

'Hewlett-Packard (model 214B, approx. $800) or from General Radio (model 1217C pulse generator
A

and model 1397A power amplifier, total cost approx. $950). All of thcse pulse.generators are
f-

used Or lust plugging info a-regular 60 cycleAC wall outlet.without the need for any addi-
..

tional power supply.

As shown in Fig. (13-2), th-e pulse generator energizes a magnetostrictive transducer,

launching ultrasonic waves down the lead-in wire The specimen** is joined to the lead-in
s.

, wire by using bonding, brdzing or welding. The waves are reflected from the front and from

the back of the specimen. These reflected waves (echoes) travel through the lead-in wire to

thetransducer which now acts as a receiver. Because of the magnetostrictive effect theSe`

waves generate a voltage which.is shown on the oscilloscope. The time interval, t , between
o

,

Enough time must be allowed between transmitted pulses to permit the return ot the desired
echO,signals dhd the decay of any subsequent reverberations.

**
The Specimen should be thin compared to 'Wavelength; the largest cross-sectional dimension

.should be less than 5mm for a wavelength of 25mm.

1 t-?
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these oltage signals is equal:to twice the time for ttie waves to travel through the speci-

-(Typical pulses may be read off a calibrat4d oscilloseope to an accuracy approaching

0.1 psec)., Tilis tithe interval.leads to the dyerminatibp of the modulus.

To determine the modulus, we may use some results from elasticity theory (ref. 5). For

an eaiistic solid which PR thin compared to the wavelength of the propagating-waves, it may-be

proven that Young's modulus, E, is

where p is the mass density Enid C
o

is the velocity of propagation of eVensionelmaves.

If the,length of the specimen is k, then the time interval t
o

is

t
22,

0 1C
o

so_that from (13-X ) 4411
E = 4p (k/t

o
)
2

13-2-

13-3

Equation (13-3) is used to find numerical values of modulus. It should be noted that the

length'of tile specimen is relatively unimportant. 'Lengths from 10mm to 10 meters can be

employed with a typical length being 50mm.

'Shown in Fig. 13-3 is an actuai photograph of the oscilloscope trace for a test of

work hardened stainless steel 304-wire. The,diameter of the lead-in wire (which is also
\

ss3134) is 1.5mm while the specimen diameter is 0.75mm. The lead-in ler-^ngth is 33" (84cm)

.and the specimen Nength is 2" (5:08cm). In Fig. 3 we see a double exposure in which the

top picture has a horizontal) time scale of 50ps/cm while the lower trace has been expanded

to lOps/cm and is therefore much easier to read. The echo pattern shows the time between the

interface echo (i.e. the nterface between the lead-in and the specimen at which there is an

abrupt impedance change associated with the diameter change) and the end echo (i.e. the

echo from the end of the specimen). This time is to = 19ps, and from eq. (13-2) the wave
4

velocity C
o

is

4
C = 2k/t

= 10.16/19

i 6.53 cm/psec

mhich may.be written as C
o

= .53 x 10
6

cm/sec. Then from eq. (18-1) it follows that

E = p Co2

= (7.8) (.53 x 106)2
12 '

=
2

2.2 x 10 dyne/cm

= 32 x 10
6

lb/in
2

In this manner, material property data can be obtained for a great variety of materials

. including metals, ceramics and plastics. Some,typical results obtained by using this

pulse echo method.are listed below.

- 108
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..

'Table of Young's Moduli (lb/inl x 106)

AlURinum

Nbreliuev-:.!;

' 614APY

Nidkel

-'1A;dite

lt
There are several-modifications that can be made in thll, pribeding experiment to obtain

10,4

49.0

17.0

90.0

0,48

,
-

additional property datta. Shear moduLus PG and Poisson's-re-ad v may.be obtained by using
.

a,transducer that generates.botit.extensfonal and torsional'WaVes simultaneously (ref:.6).
, P.

_Since_torsional.waVe speed la_about,,J5 of neenilonal wave opeed-for many-materfal4, the tiMe ,

,

separation bet een the two types of waves may be controlled by varying the length of the leady-

(in wire. It s possible, by pro[ier.impedance matching beteen the lei4-in wire and.the spedi-

mon, to-have the extensionll, wale echoes damp'put before the torsional wave echoes:appear on

the scope. The resulting trace on the scope will en ,show.both these Wave patterns clearly
,

amid the appropriate time intervelacan be Tdcked ofaccUrately, , The shear modulus G :may
J

-"be _determined in'terms of the time,intervall t between shear echo peaks Using
s :'C

t
.

*G = '4p(t/t
s

)

2.

..l
13-6

.

. P
Poispon's ratio may be calculated from the relationship between E mid .6 for.ah isotropic

-

'material
c

Using ens.(13-3) and (13-7) v may be solved in terms of t
o

and t
s

,

0.,

E
. v = -Ta- - 1 '

,

. 13'-8a

t
s

2

= . 13:8b

It is'interesting to.note that the specimen length

.relationship for V.

does not'appear explicitly in this

. fhe variation with temperature of the foregoaMg paterial properties may also be
, r .

determined by modifying the basic-experiment. The addftional experimental apparatus needed
_

-,

to include thermal effects is sketched in Fig. 13-2 in the form Of Oe-fied lines enclosing
. L

.
. ,

the specimen. Essentially one can build a smalLoven facility to enclose the specimen and

subject-it to various environmental .Conditionsi4(The experimel)t iiiiirun.in'the samefistacin
V ..

as before with time differences between peaks bing read.off'the sOlieC; conseBueltlyv the.
,

.:variatimof modulus with temperature can be detelped.- It Miotad be not'edthat In mo'st
. .

_solidsthe sound velocity decreases as the temPerature'increases which leadO'to ap_ip6rea-a-

ing vane ok transit time.

%* e'

Enclosing part of the lead-in wire has
difterences are'found.

no effeet on the trans4 time.since
%
only.time.

:-
4

'
.1
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to

"pressure near that of the atmosphere in Order to produce a high velocity jet, 11.urbinti

bladep will convert the momentum in the jets to woi* in a tmall turbine w-heel. -Tor Ate,'

.tuAine to be efficient we want an efficient nozzle. -To aid inthe 48110 ve would like to.

;

.1 .

Flow of Air Through 4 Nolitle
)
p

:The objective is to evaltiate the perfoimance of. a

.compreasible flaw by measuring tho reactiop force

nozzle. .

,
.

.. . .

nozzle in
in a

Note: EXperiments-14 and 14A involve compressible fluid
Machaqics, which may.b. too advanced for students belOW

the 'junior Or senior level:

.

We have a small converging nozzle approximately 0.1 inch in diameter whith we

use for a small air turbine. It will be used.to expand air from a high pressure

intend

to a

,

t**:..have some quantitative expression of the efficiency of

A nozzle velocity coefficient will.be determined

--velocity of the jet to ihe
1.." .

"' 7- k
n

ideal velocity.

.. 4 . '.'''
;..r, , V

'..s 11.:1;?:-.1,:. . .

ideal velocity we mean the velocity which should
. .

flowing flipm the high pressure to the' exhaust
,

`,.., rewsib-ly: hout heat transfer. This is

.,.-&_.. 1 -!...i

.. conSi ,.: f..4,ow of air through a control
i

and theilloAz1e.,
.; .7i

the nozzle.

as the ratio between the measured

have been attained by an ideal.gas

back pressure in an idealized way; i.e.

also isentropic, or at constant entropy. If we

volume Consisting of a large diameter Chamber

we can write, for steady flow-,

v 2 2
h
1

+.

s

.
.1

42',.. '%.. '.
.;'''';''': 'i I

',. '<A:i -;
, gz

ii,NlItc,
44A, ,q N

; q.. A
,1,- --:v:, ,

-73
i t . . ". 4 ',1 '...,,'10).

s,-...

, POz 11 pi4Voilie6 le, there i no shaft work
. ,

he'il charlp2111 potential energy is zero; and
-c . -..s. -, /

. ,
e ....

v
2
2 . .

suitelI4ompared tdithat leaVing This last
. ,%;,. -.11.:s.

,

. 111..7.

, .4 *I ,t

. 4 1 4:4. ?

.4 , i 1' .3... ' k

,t . .4 : '
..'"14!

i. ':,: ,.

'LP I

,(.. .4..:;.! t.. .4i ' 4 ' 1

44 i .V ;'..ii; It'

.' ) . ' :;:::X ..k.sk.,.. .11 As,' il','
.'s ''''*: ..:v.

;> ;;;'-- .-k.-,- -.r-1.1.4 -4--s-a 1.404.4,,. 4

, 6A

Q = heat transfer.

W = shaft work,

h =

Th

pV

enthalpy, u + 00
2

velocity (hence -vT- is

2
- vl

2
+ g(z2 z

1
)

kinetic energy)

= potential energy; product of eleVation
acceleration due to gravity

= mass flow into or out of control volume

cinternal'energy

t'product of pressure
or flow wOrk

and

times specific volume,

done; heat transfer.is small enough to
v
1
2

2
the.entering kinetic energy is

assumption is Alidated by the large

113
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b.

area ratio at the two orbss sectiona. Consequedtly

v2 = 112-g J (h - h )1./2
o 2

Here go and J are conversion factors. To convert Btu to ft-lbf, J is used,

ft-lbf
and to provide proper units toi, mass we introduce g, 32.2 til-ft

d 778 Btu ,

, f-secf

The6 with b in Btu/lbm, the units are correct. In terms of unit2 the right hand side

,IbM-ft . ft-lbf Btu11/2 ft4 1/2
which

ft
of the velocity equation is

B 2 seC
lbf-s c

tu2
sec

are proper units Tor veloci?6t. For an ideal gas'(assuming consant stmeifie heat)

h = c T. With this the velocity can be expressed in termS of temperatures

VJc 1/2
' T

-p 1 2_

223.8 1/1;
p

(T
1

T
2

)

This does not rtquire that, the prioress' be ideal. It is not practical to-measure T2 in

the high speed flow, so we seek another way of determining the actual velocity. However,

if the ideal 12 is avaklable, then with thiS in''the velocity equation wa can find '1v
2'

In terms of inleT states-and exit pressure, for an ideal adiabatic (no heat transfer)-

expansion of an ideal gas having constant specific heat,

p
2

' k-1

iT = T (--) k
2 1 p

1

14-5

.
where k is the ratio of specifit heat c /c . It is simple to measure the temperature

p v

of the gas at the low velocity of state 1. From these equations, and the measured T

p
1

and p it is possilile to compute iv
2

Under the assumption that p
2

= barametric

pressure of surroundings.

The objective of this experiment is to Aevise a means of measuring v2 and compare

it to 1v2 as a function of ,pressure ratio p1/p2.

Experimental scheme

One apProach to the determination of the actual value of v
2

is to use Newton's
-

second laW, and ,by measuring reaction of the nozzle, (or impulgive force 'of the jet) cal-
,

culate v
2.

A devne is to be built like that of Fig. '141. The nozzle will be mounted
*

into the end of a large (1-1/2 in. nomidal dia:) pipe. In fadt it is simple to form a

converging nozzle i a pipe cap. Air will be supplied to the large,pipe with a very

flexible rubber tube. The pipe is then suspended by wires to form a long pendulum. Use

wires 8-10 ft. in length for this._ When air flows'through the nozzle, a reaction force
td

will be set up and the, pendulum will .swing to a stable position, causing the wi.re to.

traverse a measurable angle 6 . The forceof the reaction, F Will be related to the
R 6211

_weight of the pipe 'and attachments, w. Using a force balance th!prelation is

F
R

= w tanO. 114-6
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fr

Using the momentum'equation, applied to the control vol,ume (the pipe) the fdrce can,

be related to velocity. \

In the x-direction the momentum equaiion for steady flow is

E Forcea on control volume = E 'momentum flux out - E momen'tuM flux n.\'

1With + assigned to forced at the right we see from Fig. 14-2.

E Forces = F+p (A A) p A-pA F+A(p
surrounding

=
1 p 1 dorr

,
Because the x-component o. the entering velocity is zero, the momentum flux entering .

is zero, while the.momentum flux out of the controlyolume is

v
2-

= p
2
Av

2
(see note 1 below)

where the mass-has-been-found-using-continuity. A -trod approximation to p

P2 l/k
P2 PI (77) 14-8"

Although this assUmes reversible flow, the error-in calculating the density will be very,

.small for a nozzle. Then the force of reaction on the walls of the control volume, which

is equal and opposite to F, is

t A (Psurr

(Notice that the force is to the left in Fig. 14-1 as FR will have a'negative value).

We could write in terms of absOlute values

IF I'= A p1

2
p Av

13

,

+
-2 2

I (see note76nO0
surr

14-9

/

By measuring IFRI, pl, p
surr

, Tl and A, we can how compute v2. .FR' is measured by .

determining the swing of the pendulum and the weight of the pipe. A pressure gage and
.

thermocouple in thwpipe allow p
1

and T
1

to be measured. Apes A is Simply measured

gm.

Note:

1.J When -the ratio of tR6 nozzle exit pressureto the nOzzle pressure,. .psurr
/p

1
less

than a certain critica1 value, the flog, is restricted by 'the properties at The nozzle throat.
These are called critical properties, which can be designated p*; p*, T*, etc. For air,

p*/p
1

= ,0.53% Consequently the r4action force must be written

_r

But

hence for air,

1FRI ="IA (P1 P*) L-Igi v21
0

and = pit' A v*

v* = kg RT*
o

k = 1.4, R.= 53.8 lbf-ft/lbm-
o
R

plA
.

in = 0.532 lbm/sec.
1

for ideal flow to the nozzle exit. For a more Complete.discussion of this see,'for

example,-Shapiro, A, "The Dynamics and Thermodynamics of'Collipressible flow", vol.: 1,

The RonaldePress, New York, N. Y., 1953, p. 85

I di

9'.-/
1:16

f

t
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'

as is environmental pressure
. Psurr. Now

both v2, .s0d IV
2

can.b. found along with k .

1

_

This can be igepeated for various.nozzle pressures, p,J,, and a graph of kn ves 1v2 -can

,

be prepared. Pressure p
1

can be controlled by means,of a valve-on the air supply.
,

Sample results

An experiment wasperformed,uaing theftest facility illustrated in Fig,. 14-1.- Air

was,available from a tank supigied by a Small compressor, The air system was cakable of

stisteining a pressure of 35 psig at'the nozzle.
4

Results for two tests are given in the folioWing

t

' Deflection of Nozzle donditions

pendulum, 0, Temperature Pressu ''

._.._. #

degrees 0--
T
1,

.F
. T.t

5 , A 75" 30.0 '

6 .., 75 40.0

Atmospheric pressurp\14.7 psi

Weight of nozzle, pipl and attachments s= 8.5 lbm

Diameter of nozzle atesit sr"0.125 in

Arpa of 4ozz1e at exi.1 = n(.125)2 = ,0.0123 in
2

.\

c = 0.24.3/1bm -F

First Test

As

k-1

iT = T
Psurr) k (1141:)

.2 P 6

= 389R.

P1

iv
2

= 223.8 Y.24 (535:-309) = 1325 ft/sec.

F z 8.5 sitn 5 = 0.741 1Sf
-R

-

the pressure ratio is
.7

= .328 <.53 the mass flow is (see foot note)

.7)(.0123)
.532

44
0.0126 /17

535
'

Then for the sub critical press re ratio, with p4 = p
1

(,P3) = 23.7 pSia the velocity
,

found from eq: (14-9) is

obe

Second Teit

F-A(p; -p\ot.
0..741-0.0123 (44.7-23.7)

( .01261
32.2'

v
2

= 1234 ft/sec.

t
n

. v /iv = 1234/1325 = .93
, ,2 2

,
,..._

2

.286
14.7

635_(31.1.757) = 367R

1v2 = 223.8 .24 (535-367) = 1419 ft/sec.

F
R

8.5 (sin 6) = 0.946 lbf

to
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Again, the'pressure ratio is lege than" dritical..': Is

. .
.

14.7.gra, = 269 < . 53

The masa flow is (see foot'note)

532(54.780.0129) lbm
di 21 , , _ _ . * 0.0155

435

Then.with p* = 54.7(.53r. 2: 29.0 psia

0.946 - 0.012304:7-29_4)) ; 1304 ft/sec.v
2 .0a5x(7E37

1909
k
n 1410

= 0.92
.e

With additional test data those:results can be plotted as a fun-Otion df the pozzle

pressure, 'pi,- or the Idesl exit velocity iv2..

One possible modification of this,experimeht can be done by constructing nozzles of6
qk.

different lengths or shapes. Then velocity coefficients can bp compared for the different
,

nozzle shapes

, A simpler form,of this experiment can be Clone ustng.water as the fluid.

Experiment 14A,

Meapurement of Impulle in a Jet of Fluid

The object of this experiment is to measore the impulahjorce
Aen a jet strikes surfrices of different. geometry.

An extension of the previous experiment can be made by measuring the impulse in the

jet from the nozzle of Experiment 14. A system was built, as shown in Fig. 14z,3,

- nozzle-was fastened to a support, with the,jet pointing vertically downward. Place0

several inches below the nozzle was a balance at which the jet was directed. This per-

mitted the impulsive forãe (reaction force in the jet) to be measured by means of the

balance. The objective of the experiment was to measure the force with several shapes used

to change the impulse. Based on measurements of T1, pl and p2 the mass and velocity

(or momentum) in the jet could be determined. These Are idealized values. Then the measured .

Impulse force could be compared to the value computed from the pressure and temperature

measurements. Five shapes were used. These are shown in Fig. 14-4. They vary from a simple

flat plate to surfaces with two dimensional flow dividers.

Method of calculation

For each test, the pressure in the'nozzle,

and the' force on the balance were recorded.

To compute the theoretical force, the momentum of the jet at the nozzle exit was found

as the product,of mass, A, times velocity..

, was set, and readings Of T1, p
surr
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Here, ',whirring to Exparimott.14, eq. (14-4), (144), (14-7).#4 the 00 law,

223.41)1c (T
1

-AT
2
)

t

k-1

iT2
pi

(

i77)
T
1

2
pWd
4

(iv
2

)

P2
P 2 Tkr

2

For easel', in whith the,presemNelratio is less than critical'determine ie mass'.

flow a

A 0.532
p
1
A

;

The forog depends on.the geometry of the object placed on the balance. For steady

flow, the force can be found by applying the momentum equation to a cont ol voldalw. Ais

the jet is not confined the pressure forces are balanced, thus the force against the Object

is 0

F = momentum flux in vertical direciton flowing out

momentum flux in vertical direction flowing in

For the flat plate, case A, the efflux of momentum isrhorizontal so Av = 0

and

thv
2

where v
2

is the nozzle Velocity Or gas velocity in y-

direction entei,ing the control volume.

This is also true for configuration B. The sphere andivlit Through,' cases C and D''

- k

have y- momentum flowing out of the control volume. It.is

14-10

momentft out = -My
2

Consequently, as'the in-flux of momentum is Av2, the total force.is,

F = 2Mv
2

With the exit reduced to 50
0

, configUration t, the efflux was

My
2
sin 500 = friv

2
(.7660)

and the force on the balance.

F = Mv
2

+ Mv
2

(.7660)

= 1.7660 Mv2

14-11

14-12

With the several impulse surfaces mounted,od the bapnce,the actual impulse force

Fr can be measured as a function of the pressure in the.nozzle. From the equations for

ideal,flow, the ideal nozzle exit velocity, iv2, and mass flow can be found as a function,

of nozzle,pressure, and the ideal impulse computed, F. From tilese computations a ratio of

measured force F
R

to ideal force F, can be used to express the effectiveness of-each

surface. Then theSe ratios canibe plotted as a function of the ideal exit velocity, iv
2

.

4., 121 -
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.Sam ,ple results
.. .... ,

. ... -
.., .

.,..,.. 41/4. .,, . ,
, .4 , '.

. A

Experiments were run Utkj.ng-the '19.1. In Atemotell%nozile,-and the five ehapes'shovn.in
' :.

Fig. l4-4. /18 the temperatUi4S-64z1e..;.*6014 .i.keailiY epos tant it was: ti-)Ssibie to )

generate curves pf.i.deallxit,*0.064ti'04.01mpatie.fa,ce as-a function bf.nozzle pressure and :-
.....

surface shape. Curves of iiiItputa forqe fOilfhe-fi0e shapes andldeal exit yelosi.ty fbr-the.: -,.,.
nozzle are shown in Fig. .1,4;754 -PO each,:expSriment, the 'ideal impulse-force was taken for

.... -,
. .

the measured nozzle presslure fromthe Appropriae curl!) of rii. 14-S, .Thts was then compared
. _

to the meaSured forceOn the rAt4:b.'F
R
/F. -Using'the 44,0a1 velocity taken from the curve-in

-,_

Pig. 14-5, this ratio was'plotted- ter produce-thepointin Pig. 34-16. . . ... .:
,

These data are from a ,AtulonteindUcted-"experifient,And no attempt is mode here to.,

evaluate the results. HowevrthereAs-cOba4stenqy 'among data for each surftiee, andAt is

evident in every'set that thereja'an flief,ease li;effootfienessIear 1112,---140f) ff/aeq: .

Cdnsequently, this inflection was ineorpor.sted,in the ' d" curves drawnthrbugh. the data.
,.

.
,:,

It-is, more-pronounced for cases. A 'and, B.
.--

Expdriment 14B

Distribution of a Free, Jet in Air .

r

a.

The object is to measure the shape of'the pluthe.of
a jef of air into Air.

Using the nozzle system of Experiment 14, it da iiossible to map the *atribution,of

the jet in ajAbom of still air. With a simple hof-wire system, veloclty can be measured in

planes aligned normal tel the nozzle axis and at different disfafices -from the nbzzle exit..

This provides a three dimensibnal distribution of velocity in the plume pt the t.
k '

showing lines of constAnt velocity can be .constructed.

A simpler verbion of the above; can;L:e done by_constructing a SqUare'ahOut 4ft x,4fto"

of light piping, mounted 'on a portable stand% Twine is therikattAched',aerosg the piping to

form a Square grid as shown in Fig. 14-7.. At the intersection of the crOSs strings, small, .

41b

tufts of light yarn are fastened.' When the air jet is started.some-of the tuftA cin, the frame-
,

-

3

,will be affected by the air Moveillent, gy moving the frame.'ilong:the*Axii; bk the' jet', a,

qualitative distribution'of the jet plume can be construted.,-,
,

In each of the cases, the nozzle preasure can be changed and the jet'divfnit;utiPn

mapped as 4 function 6f the:nozzle pressure.

Experiment .11IC
S. ,

t ,SW.
.%

.- i 4'
,

Noise in a Jet
. ,. ' , 4 .

.

---r
0 'el

X
..

t

The objective is to measure the_souq level.and' g

-
.

. !r-
1 distribution of Sound level in ,a -let piuMe,

F

Another expeximent Was run with the nOzzle' to determine the.ditritutión-of sound.,
, --

-The nozAle ras run in free air,.and tbe Y^oom probed with a small' micrOphome and a sotinds ,-

,. .
, .

level meter. From the readings maps were prepar"ed to'shOw Che leyel'tf sount fh.the jcit._

and in the room. The diAtribution of sound Was then compared:101hp d16ti'lbuti'sp oV j.ib
4 .

. k '
. yelbeity. A line of maximum.sdnnd intensity was. round stofting at.,.'00, noz7.te-ecknfer.110-',1,,

.. .

--, 124,4,
.,

), - ,,, . 4, 4a

.

14' ',. .
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and spreading 'tonically, until it a distance 2.4 ft..from the exit plan, the con* radius

was 9 fet. Sound level map* w.r. prepared in two dimonilions for a noizle pressure of,

I

In additioni-i00 mlifflers.wer* constrUcted, applying 2-inches of fibreglass insulation -.

*
, A4 .

tO wire cloth. One muffler Was cylindrical, p feet long and 22 inches *laid* diaMeter. The

ieborld'Ual tonic-,-B3 inches longrwith an inside-diameter of 4-1/2-4fichés iih-onto end-1nd

19-1/2 inChes on the other. Sound suppression was disappointing, and the velocity patterns : ,

.

.

were'altered by both suppressors. At the exit of the conic muffler sound.1**els changed,
Itv

"A

periodically.- It was also obeerved that the flow as observed by A hot-wipe trace on an
._.

oscilliscope changed from laminar to turbulent to laminar as the sound lovei'changed.,-
,

7Experiment 14p

A Simple Shadowgraph
. 4

The objective is to :fiew a compressible let

using a simple shadowgraph.
..

4

When a gas flowa-at a high,spee, the density variatibns in the gis borne sufficiently

large to affect the.index of refraction.. In fact,density variation due to liperature dif-'

ferences cause thangei in the index of refraction so large ihat nearly everyone has observed

them. These are,the distortion waves seen rising fromroad on a hot day,4or'the waVes

that'can belObserved rising from ihe shado4 of irOur hankin -sunlight.. This,isthe principle
,

of the sha0owgraph, observing the distortict as shadows cast by a.source of parallel light.

There are more sophisticated optical_systems; for'example the schIieren system'or the

interferometert

A.simple shadcwgraph can 'be constructed to observe the wave patterns in a .supersontb
. .

jet using 'a slide projector as a light sOurce. Place theprojector about tiAl to twenty

If feet from the nozzlejet with tfie light shining through the jet at right angles to it. Then

place a grounci'glass or white paper,close to the jet and in the light path. it may,be neces, ,-., .

sary to put the.paper 1/2 inch from the-jet-center line to get the shadow in focus, Now run.
. r

the nozzle With nozzle pressures more than 1.9 times atmospheric to insure supersonic flow. -.

A diamond pattern of-shock and.expansion waves.will be,observed in the shadow cast on the

groundiglias. Because the nozzle is small, the shadowgraph is small and faint, but itrcan.
,

'be observed 'by magnifying #; Photographed with a close-up lens; or displayed on a television

.monitor with close-up lens in.the,video camera.

3 /7
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